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Abstract. We review the history and structure of star formation in the Taurus-Auriga 
dark clouds. Our discussion includes a summary of the macroscopic cloud properties, 
the population of single and binary pre-main sequence stars, the properties of jets and 
outflows, and detailed summaries of selected individual objects. We include compre- 
hensive tables of dark clouds, young stars, and jets in the clouds. 



1. Overview 

In October 1852, J. R. Hind 'noticed a very small nebulous looking object' roughly 
18" west of a tenth magnitude star in Taurus. Over the next 15 years, the nebula slowly 
faded in brightness and in 1868 vanished completely from the view of the largest tele- 
scopes. O. Struve then found a new, smaller and faint er, nebulosity roiighly 4 ' west of 
Hind's nebula. While trying to recover these nebulae, BumharnJ d 18901. 11894') discov- 
ered a small elliptical nebula surrounding T Tau (Figure [T])- Spectra of Hind's nebula 
revealed emission from either H/3 or [O III] A5007, demonstrating that the nebula was 



gaseous as in novae and planetary nebulae. At about the same time, iKnott I (118911) 



reported 4 magnitude variability in the 'ruddy' star associated with these nebulae, T 

Tauri. 

Despite the long history of interpreting variable nebulae (e.g., 'Herschel "l80! 



18111) . these discoveri es ge nerated l ittle w idespread interest. Among others. .Ceraski 
( 19061) . iLeavitt I ( T907I) . and lLockel ( 1918h identified the unusual long-period variables 
RW Aur, UY Aur, RY Tau, and UX Tau on photographic plates. During the compilation 
of the HD catalog, Fleming I (Il912h no ted T Tauri as a long period variable with an Ma? 
spectral type. Adams & Pease I ( 1915 ) and lSanford I (ll92ol) later recorded higher quality 
spectra showing bright emission lines from H I and iron. A 5 1/2 hr spectrum taken with 
the 100" reflector revealed many iron absorption lines, characteristic of late-type stars. 

In the 1940's, A. Joy compiled the first lists of 'T Tauri stars,' irregular variable 
stars as sociated with dark or brig ht nebulosity, with F5-G5 spectral types and low lumi- 
nosity dJov lll945L[T94^ : lHerbig 111962) . Intense searches for other T Tauri stars revealed 
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Figure 1 . Optical image of T Tau and surroundings (courtesy D. Goldman). North 
is up and east is to the left. T Tau is the bright yellow star near the center. Barnard's 
nebula is visible as faint nebulosity immediately surrounding T Tau. Hind's nebula 
is the bright, arc-shaped cloud that covers some of the western pair of diffraction 
spikes from the T Tau image. Fainter nebulosity, mostly ioni zed gas powered by a 
weak ultraviolet radiation field, covers the rest of the image. 'Burnh arnl (118941) and 
[Barnard (1895) discuss the relationship between Burnham's nebula and the more 
distant Hind's and Struve's nebulae. 



many stars associated with dark clouds and bright nebulae, including a class with A- 
type spectra (e.g. Herbig 1950a, 1960). Most of these stars were i n loose g roup^, 
the T association s, or in de nse clusters, the O associations (e.g.. iHerbig Ill950b[ ll 



Kholopov 19581 : lOohdze & Arakelyanlll959h . Because O stars have short lifetimes. 



both types of associations have to be composed of young stars, with ages of 10 Myr or 
less (lAmbartsumian 1119571) . This realization - now 50 years old - initiated the study of 
star formation in dark clouds. 



2. Cloud Structure 



Shortly after the discovery of variability in T Tauri, Barnard be gan to photograph dark 
nebulae in the plane of the Milky Way lBamardlll919l . [r927l) . At the time Barnard 
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Figure 2. Star count map of the Taurus-Auriga dark clouds. This map was pre- 
pared for this paper from stars with J < 16.5 in the 2MASS point source catalog 
downloaded from the IRSA archive. The intensity scale is proportional to the num- 
ber of stars per square arcmin. The dark clouds are clearly visible as low density 
regions. Two small bright regions are the open clusters NGC 1647 (RA = 4'M6"\ 
Dec = 19°) and NGC 1750/1758 (RA = 5*^04™, Dec = 24°). 



began this program, it was still unclear whether dark nebulae were empty regions of 
the galaxy or patches of material that obscured background stars. These photographs 
showed convincingly that obscuring material is responsible for many dark c louds. In 
the B 7 cloud, a partly luminous nebula 'seems to tit into a hole in the sky' dBamard I 
1 19 19'). Barnard's photographs showed that many dark clouds were feebly nebulous, 
confirming impressions he gained from visual observations. 

Barnard's first catalog of dark nebulae contains 182 objects. The Taurus-Auriga 
clouds com prise roughly a dozen of these dark regions and lie at a distance of 140-145 
PC (T able l;Ehasll978l;IStraizvs & MeistasJ98Q; Meistas & S traizvs ll98ll:lKenvon e t al. I 
1994| :IWichmann et al. 1998; Straizys et aL|2003|;iLoinard et al. ll2005Ll2007bl :lTorres et al] 
2003). In B7, Barnard noted bright condensations and several small, round black spots 
with diameters of 5'-8'. An irregular dark lane with a width of roughly 10' connects 
B7 to B22. He noted another dark lane arcing west of B18. 

Deeper photographs an d digital sky surveys provide the most dramati c images of 
the clouds (Figure|l Table 2: lLvnds lll962l : lBoklll977l : lDobashi et al. Il2005h . Barnard's 
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Figure 3. Map of the near-infrared color of stars in the Taurus- Auriga dark clouds. 
As in Figure in the map uses stars with J < 16.5 from the 2MASS point source 
catalog. The intensity scale maps stars with J-H < 0.5 into blue, stars with J-H = 
0.5-1.25 into green, and stars with J-H > 1.25 into red. The reddest stars lie in or 
behind the dark clouds. Other stars have neutral colors. 



dark spots and sinuous dark lanes are clearly visible against the bright background of 
stars just south of the plane of the Milky Way. Ultraviolet images show a similar struc- 



ture (IHurwitz 1 119941) . Variations in the ultraviolet (UV) flux across the clouds and 



counts of stars in cells yield a good measure of the line-of-sight density in the c loud; 



counts in two or more colors a llow estimates of the e xtincti on (Straiz vs & Meistas 
19801: iMeistas & Straizvs1ll98ll::C ernicharo & Bachill er]|l984 : Cernich aroet al 111985 



Cernichar o & Guelin 1 1 19871 : ICambresv 1 119991 : |Dobashi et al. 200 5i). Improved pho- 
tometry from digital surveys like 2MASS and the digitized POSS (Dobashi et al. II2005I) 
provide more quantitative estimates of the cloud density. 

Stellar colors from 2MASS clearly demonstrate the two main features of dark 
clouds (Figure |3 ] ). Ex tinction by dust grains in the cloud reddens background stars 
(iTrumpler I ll930r i 19341) . In the optical, the ratio of total to selective extinction, Ry = 
Ay / Eb-v^ where Ay is the visual extinction in magnitudes and Eb-v is the B — V 
color excess, is a conve nient way to compare the physical properties of dust grains 
among dark clouds (e.g.. lCardelli et al . 1989; Mathis 1990). Most diffuse clouds have 
Ry ^ 3.\; m any dark clouds, inc l uding regions in Taurus-Auriga wi th Ay > 3, have 
Ry ~ 3.5-5 (ICardeUi et al. II 19891 : lMathis]ll990l : lwhittet et al. II200T1) . 
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Table 1. Barnard's Dark Nebulae in Taurus- Auriga 



ID 


a(2000) 


d(2000) 


D (') 


ID 


a(2000) 


0(2000) 


D (') 


B7 


4:17:25 


+28:33 




B209 


4:12:23 


+28:19 




BIO 


4:18:41 


+28:16 


8 


B210 


4:15:33 


+25:03 




B14 


4:39:59 


+25:44 


3 


B211 


4:17:12 


+27:48 




B18 


4:31:13 


+24:21 


60 


B212 


4:19:14 


+25:18 




B19 


4:33:00 


+26:16 


60 


B213 


4:21:10 


+27:03 




B22 


4:38:00 


+26:03 


120 


B214 


4:21:55 


+28:32 


5 


B23 


4:40:33 


+29:52 


5 


B215 


4:23:34 


+25:02 




B24 


4:42:53 


+29:44 


8 


B216 


4:23:59 


+26:37 




B26 


4:54:38 


+30:37 


5 


B217 


4:27:38 


+26:07 




B27 


4:55:08 


+30:33 


5 


B218 


4:28:09 


+26:16 


15 


B28 


4:55:52 


+30:38 


4 


B219 


4:34:00 


+29:35 


120 


B29 


5:06:23 


+31:35 


10 


B220 


4:41:30 


+25:59 


7 


B207 


4:04:35 


+26:20 




B221 


4:44:00 


+31:44 


45 


B208 


4:11:32 


+25:09 




B222 


5:08:23 


+32:10 
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Figure[3]aIso shows that the reddest stars He within the dark cloud. After correcting 
for extinction, many T Tauri stars have redde r infrared (IR) colors than main sequence 
stars of sim ilar spectral type (e.g. jMendoza | [l966. 1968; Cohen 1973; Ryd gren et al. 



1976L 119821) . These IR excesses demonstrate that the youngest stars are surrounded by 



dust grains with a large range in temperatures ('Mendoza "l966', 'l968':'Glass & Pe nsion 
1974; Cohen & Kuhi 1979; Rydgren et al, 1982; Myers et al. 1987; Adams et al. 



1987: Ada ms & Shu 1988: Kenvon & Hartmann ll987l:ICalvet et al. ll994l : lKenvon & Hartmann 
1995i ; lAndrews & WiUiams h2005, ; iFurlan et al. 1 12006*). Images with HST and large 



ground-based optical/near-IR and radio telescope s reveal that this dust lies in a cir- 
cums t ellar disk or an infal li ng envelope JBurrows i 19961: iLav et al. II 19971: iDutrev et al 



1998'; 'Duvert et al. ' '1998'; 'Krist et al. ' 1998; Stapelfeldt et al. ' '1998a'; 'Padgett et al, 
1999 ; Monin & Bouvier 2000; Belloche et al 2002; McCabe et al. 2002; Park & Kenyon 
Duchen e et al. l2003al : [Schneider et al. ll2003l : IStapelfeldt et al. l2003l : lKrist et"aL 



2002 



2005 



Kudo et allllooih . 



With no luminous O or B stars, the Taurus-Auriga dark clouds are mostly neutral 
and contain large amounts, 3^ x 10^ Mq, of molecular gas. Comprehensive surveys in 



near-IR (Duvert et al. 1986; .Unaerechts & Thaddeus 


,1987 


; .Kramer & Winnewisserl 


1991 


: Zhou et al. 11994 : Abersel et al. 1994 : Abersel et al. 


1995: Onishietal. 19961 


1998 


.'2002': 'Bhtz & Wilhams 11997: Codella et al. 11997: Juvela et al. 11997: Goldsmith et al. 


2008,; .Naravanan et al. ..2008b. Within these structures, the radio observations reveal 



dense clumps and cores of molecular gas with masses of 1-100 Mq. The higher den- 
sity tracers ^^C^^O, ^^C^^O, CS, and N H3 reveal structure yy i thin the cores, including 



evidence for turbulence on small scale s (iBenson et al. 
Havashi et al.1l 19941 : Ijiiina et al. IIT999I) . 



19841 : iBenson & Mvers l[l989l : 



Multiwavelength observations probe structure on the smallest scales within the 
Taurus-Auriga clouds. High angular resolution radio observations of molecular cloud 
cores detect infalling ma terial and show that this gas is distinct from lovyer density gas 
in the molecu la r outflow dOhashi et al . 1991; Bars onv & Ch andler 1993; Oh ashi et al. 



1996L ll997aUbl: IChandler & Richer II200Q : iHogerheiide & Sandell 112000 : iHogerheiide 
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Table 2. Lynds' Dark Nebulae in Tauras-Auriga^ 



L 


a(2000) 


0(2000) 


I (deg) 


b (deg) 


Area (deg ) 


Opac 


Barnard 


TGU 


1484 


4:03.1 


29:08 


165.72 


-17.40 


0.445 


1 




1121 


1486 


4:08.1 


29:07 


166.55 


-16.64 


0.480 


1 




1211 


1489 


4:04.7 


26:28 


167.96 


— 19.05 


0.027 


5 




1144 


1491 


4:04.6 


26:17 


168.08 


— 19.20 


0.004 


5 




1144 


1495 


4:18.1 


27:37 


169.27 


— 16.13 


2.600 


5 


7,10,211,209,216 


1211 


1496 


4:43.2 


32:05 


169.58 


—09.08 


0.710 


3 




1157 


1497 


4:27.1 


28:36 


169.92 


— 13.99 


0.725 


2 




1158 


1498 


4:11.0 


24:57 


170.14 


— 19.11 


0.118 


5 




1155 


1499 


4:10.5 


24:47 


170.18 


— 19.30 


0.072 


3 




1155 


1500 


4:33.1 


29:26 


170.19 


— 12.46 


0.972 


3 


219 


1158 


1501 


4:15.0 


25:07 


170.68 


-18.34 


1.200 


2 




1180 


1503 


4:40.4 


29:55 


170.85 


— 10.95 


0.008 


5 


23 


1169 


1504 


4:41.2 


29:55 


170.97 


— 10.82 


0.336 


1 




1169 


1506 


4:20.0 


25:17 


171.37 


— 17.40 


0.334 


6 




1180 


1507 


4:43.2 


29:45 


171.38 


— 10.60 


0.090 


5 


24 


1169 


1508 


4:41.1 


29:05 


171.62 


— 11.36 


0.183 


3 




1169 


1511 


4:20.0 


24:47 


171.75 


— 17.74 


0.300 


3 




1173 


1513 


4:52.2 


30:49 


171.79 


-08.41 


0.057 


4 




1187 


1514 


4:42.6 


29:05 


171.83 


— 11.11 


0.050 


4 




1169 


1515 


4:53.2 


30:54 


171.87 


—08.19 


0.147 


3 




1187 


1517 


4:55.2 


30:34 


172.40 


-08.06 


0.051 


6 


28,27,26 


1187 


1519 


4:55.7 


30:34 


172.47 


—07.98 


0.063 


4 




1187 


1520 


4:44.1 


28:25 


172.57 


— 11.29 


0.398 


1 




1190 


1521 


4:33.1 


26:06 


172.76 


— 14.66 


4.100 


4 


22,19,14,220 


1211 


1522 


5:07.2 


32:03 


172.79 


—05.11 


0.018 


4 


222 


1193 


1523 


5:06.2 


31:43 


172.92 


—05.48 


0.017 


6 


29 


1193 


1524 


4:28.0 


24:36 


173.16 


— 16.50 


0.324 


5 


215,212,210 


1198 


1527 


4:39.1 


26:15 


173.53 


— 13.53 


0.010 


6 




1211 


1528 


4:37.1 


25:46 


173.63 


— 14.20 


2.000 


3 




1211 


1529 


4:32.0 


24:26 


173.91 


— 15.92 


0.223 


5 


18 


1198 


1531 


4:32.0 


24:19 


174.00 


— 16.00 


0.014 


3 




1198 


1532 


4:40.1 


25:45 


174.08 


— 13.68 


0.112 


4 




1211 


1533 


4:36.2 


24:55 


174.18 


— 14.88 


0.011 


5 




1210 


1534 


4:40.1 


25:35 


174.21 


— 13.79 


0.870 


5 




1211 


1535 


4:35.5 


23:54 


174.87 


-15.66 


0.111 


6 




1198 


1536 


4:33.0 


23:06 


175.12 


-16.62 


1.500 


4 




1227 


1537 


4:51.1 


26:25 


175.15 


-11.34 


0.382 


3 




1211 


1538 


4:46.1 


25:05 


175.49 


-13.06 


3.000 


4 




1211 


1539 


4:56.1 


26:34 


175.72 


-10.36 


2.230 


1 




1228 


1540 


5:01.1 


26:09 


176.75 


-09.73 


0.282 


4 




1247 


1541 


4:44.0 


22:45 


177.07 


-14.88 


0.352 


1 






1542 


5:01.1 


25:34 


177.22 


-10.08 


0.626 


3 




1247 


1543 


4:27.4 


18:51 


177.66 


-20.35 


0.090 


5 




1246 


1544 


5:04.1 


25:14 


177.91 


-09.74 


0.109 


6 




1247 


1545 


5:15.3 


26:43 


178.18 


-06.82 


0.052 


3 




1253 


1546 


4:28.9 


18:26 


178.25 


-20.34 


0.370 


4 




1246 


1547 


5:16.1 


26:23 


178.55 


-06.86 


0.049 


5 




1253 


1548 


5:16.1 


26:13 


178.69 


-06.96 


0.061 


4 




1253 


1549 


5:17.1 


26:13 


178.82 


-06.78 


0.079 


4 




1253 


1551 


4:31.4 


18:06 


178.92 


-20.10 


0.043 


6 




1246 


1556 


4:37.4 


16:55 


180.85 


-19.71 


0.050 


5 




1277 


1558 


4:45.9 


17:05 


182.02 


-18.00 


0.713 


2 




1295 



^ This table is based on an updated version of the published catalog downloaded from the CDS. 



^ Opacity class from Lynds (1962) 
^ Barnard dark nebulae from Table 1. 

* Dobashi et al. (2005) high resolution identification from the association file named 
'hassoc.dat' and visual examination of Figure 18-5-6, which plots Lynds' IDs on the 
extinction maps. 
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200 lb . In some cases, radio observations detect the orbital rotation of material in the 



disk su rrounding the protos tar (e.g., ISargent & Beckwith"l99l'; 'Kawabe et al. "19931; 



Terebev et al. 1993; Hayashi et al. Il 993 : Guilloteau & Dutrev 1994; Koerner & Sargent 
1995l : lMundv et al. ll996l : l\Vilner et a l. 1996: Andre et al. ll999l : lBelloche et al. l2002h . 



In cores with young protostars, near-IR and optical imaging and polarimetric imaging 
reveal the structure of the disk and inner envelope, along with beautiful, often bipo- 
lar, r eflection nebulae at the interface between the infalling gas and the bipolar out- 
flow i Tamura et al. "1991'; 'Kenvon et al. "I993b'; Lucas & Roche '1996!, '1997', '1998J; 



Wood et al. 1996. 1998. 200 1... 2002:. Whitnev et al. ■1997. : .Hartmann et al. .1999. : . Padgett et al. 



19991 : iCotera etal. 1120011) . 



Radio observations also probe the densest parts of the Taurus-Auriga clouds. In 
TMC-1/L1534, for example, high densities provide a good laboratory for the produc- 
tion of complex organic and inorg anic molecules. I n the last 25 years, detections of 
C-^Q (iBrown et al. 198 51). HCN (llrvine & Schloerb 1984). H C-^N (llrvin e & Schloerb ' 



1984h. HC^N dXakano et al. Il990l) HCi i N (^Bell & Matthews1ll985h. HCCNC ( Kawa guchi et al. 
1992), CHqC N (llrvine et al. 1119881) . CH qCN (M inh et al. 1993), HqCr Cang er et al.] 
1997), C3H2 (Fosse .^alj200ib, HDCS (IMinowa et al. ll997l : lKaifu et al. 120041) . CsH" 
(iBriinken et al. u2007 ), and other molecules show that cloud cores have a rich chemistry 
prior to the formation of circumstellar disks and planets. 

Ices are an important part of dark cloud chemistry. Measurements of the absorp- 
tion along the line-of-sight to field stars behind the dark cloud yields measures of ice 
abundances and an insight i nto the for mation and evolution of grains and complex 
molec ules within the cloud (iBoogert et al . 2002; van Dishoeck 2004: Zasowski et al. 
2007"). In Taurus-Auriga, detections of H2O ( Whittet et al. 1988; Baratta & Stra zzuUa 
1990; Smith et al 



1993) and CO2 (Whittet etal. 11200 II : iBergin et al. 2005) show that 



water ice is the dominant constituent, with CO2 roughly 25% as abundant as water ice. 
These observations demonstrate that there is an extinction threshold for ice absorption 
within dark clo uds. The threshold varies from cloud to cloud, with A y 3 mag in 
Tauru s-Auriga (IWhittet et al. Ill988h and Ay 12 mag in Ophiuchus (iTanaka et al. 
19901) . Some observations show that the ice absorption varies along the line-of-sight to 



stars within the cloud, implying that the chem istry close to pre-ma in sequence stars is 
different than along more quiescent sightlines (iLeinert et al. II200T ). 



3. Pre-Main Sequence Population 



The Taurus-Auriga clouds have a rich population of pre-main sequence stars. Most 
T Tauri stars discovered before the 1980s are bright optic al variables with G, K, or 
M spectral types and strong H I and Ca I I emission lines dJov 



19 45. 194 91). In the 

last tw o de cades. X-rav (.Walter et al.1ll987llT98&:.Neuhauser et a l. ' 1995: Gudel et al. 



2007allby: IScelsi et al. Il2007h. optical (iHerbig et a" 
Briceno et al. III993L 119 97: Gudel et al. '2007a: Luhman 
near-IR ('Gomez et al 



ihauser et a l. ' 1995 : Gudel et al. 
19861: iGom ez et a O 1 1992|. 119931 : 
lan 2006; Slesnicket al. 2006*), 



2006; 



19901 : 



1994; Luhman & Rieke ,,1998,: .L uhman 2000, 2006; Luhman etaO 
Giideletal. 2007a). far-IR (Beichman et al. Il986: Harris et al. 1988; Kenvon et al] 



Beichman et al. lll992l : lGudel et al. Il2007al) . and radio (Bieging & Cohen 



1985|) 
■ et aU 



surveys rev ealed three populations of young stars (Figure HI .Lada ,.1987i : ,Adams 1 
119871: lAdams & Shu 1988). Embedded sources, sometimes known as protostars, are 
optically invisible young stars with spectral energy distributions (SEDs) that peak at 
mid-IR to far-IR wavelengths. Classical T Tauri stars have strong emission lines and 
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Figure 4. Infrared colors for Taurus-Auriga pre-main sequence stars. Left panel: 
data fro m the 2MAS S all-sky survey; right panel: data from the IRAC camera on 
Spitzer dLuhman et a l. 2006). Weak emission T Tauri stars have H — Kg < 0.4 
and lie in a clump at [3.6] - [4.5] w [5.8] - [8.0] « in the IRAC color-color plot. 
Classical T Tauri stars have H — Kg < 1-1.5 and fall in a band with [3.6] — [4.5] 
K. 0.5-1.0 and [5.8] - [8.0] « 0.25-0.75. Embedded protostars have H - > 
1.25-1.5, [3.6] - [4.5] > 1 and [5.8] - [8.0] > 1. 



substantial IR or UV excesses. Weak emission T Tauri stars have weak or no emis- 
sion lines and negligible excesses. These objects form a rough age sequence with 
protostars as the youngest stars and weak emission T Tauri stars as the oldest. Ta- 
ble 3 lists the current sample of young stars and brown dwarfs in Taur us-Auriga, using 



data for coordinates and ph otometry from the 2M ASS all-sky survey (iNikolaev et al. 



2000'; 'Skrutskie et al. 2006), the USNQ IB adas ("Monet et al.1l2003h. and data from 



Cohen & Kuhi (.1979.) .| Beichman et al. I(fl986. 1992). Adams et al. l(ll990h.lBeckwith et al. 



0990), Kenv onetal.1 d 19901 . 1993a. 1993b. 1994b, 1998}^ Gomez et all (1 1991 1991 



1" 



_ , ^. m( 

1994). IBriceno et a l. (1993 1 1997, 1998, 1999, 2002). iKenyon & Hartmann (1995^^ 



iNeuhauser et al. '('l995) .Wichma nn et al. '('l996').'Luh man & Rieke i(,1998.).,Bertout et al. 



1999), Luhman (2000, 2004), 'Luhman et al. (2003. 2006). and lGuieu et al. I (l200l " 
2006). 

The surface density of pre-main sequence stars closely follows the contours of 
the dark clouds. In the central portion of Taurus-Auriga (Figure [S]), most pre-main 
sequence stars lie within the darkest clouds, B7/L1495 to the NW, B 18, and B22. Other 
stars are projected along the narrow dark lanes that connect the larger clouds. A few 
stars are sprinkled at random across the cloud. Because they are often older, weak 
emission T Tauri stars are less concentrated in the dark cloud than classical T Tauri 
stars. Embedded protostars are most closely associated with cloud material. 



Table 3.: Pre-main sequence stars in Tauras- Auriga 



PMS 


a(2000) 


5(2000) 


B 


R 


K 


PMS 


a(2000) 


5(2000) 


B 


R 


K 


HBC 351 


3:52:02.23 


24:39:47.9 


12.57 


10.83 


9.07 


J04 152409+29 10434 


4:15:24.10 


29:10:43.5 




18.95 


12.36 


HBC 352 


3:54:29.50 


32:03:01.3 


10.56 


10.70 


9.58 


J04 1539 16+28 18586 


4:15:39.16 


28:18:58.6 


17.58 


14.77 


9.24 


HBC 353 


3:54:30.17 


32:03:04.3 






9.86 


J04155799+2746175 


4:15:57.99 


27:46:17.5 


18.60 


16.80 


10.52 


HBC 354 


3:54:35.56 


25:37:11.1 


12.79 


11.23 


11.10 


J04161210+2756385 


4:16:12.10 


27:56:38.5 


19.89 


17.65 


10.34 


HBC 355 


3:54:35.97 


25:37:08.1 


12.79 


11.23 


10.21 


J04161885+2752155 


4:16:18.86 


27:52:15.5 


20.58 


18.64 


11.35 


HBC 356 


4:03:13.95 


25:52:59.7 


13.95 


12.35 


10.16 


LkCa4 


4:16:28.10 


28:07:35.8 


14.49 


11.71 


8.32 


HBC 357 


4:03:13.95 


25:52:59.7 


13.95 


12.35 


10.16 


J04 163048+3037053 


4:16:30.48 


30:37:05.3 


19.88 


18.06 


12.62 


HBC 358 


4:03:49.30 


26:10:52.0 


15.57 


13.50 


9.46 


J0416391 1+2858491 


4:16:39.12 


28:58:49.1 


20.35 


18.73 


11.28 


XEST06-006 


4:03:49.97 


26:20:38.2 


20.36 


17.83 


12.34 


CYTau 


4:17:33.72 


28:20:46.8 


15.15 


12.50 


8.60 


HBC 359 


4:03:50.84 


26:10:53.1 


15.10 


13.12 


9.53 


LkCaS 


4:17:38.93 


28:33:00.5 


15.59 


12.70 


9.05 


HBC 360 


4:04:39.36 


21:58:18.6 


13.97 


12.46 


9.97 


KPNO-10 


4:17:49.55 


28:13:31.8 


18.36 


16.14 


10.79 


HBC 361 


4:04:39.84 


21:58:21.5 


0.00 


12.70 


10.10 


V410 X-ray 1 


4:17:49.65 


28:29:36.2 


17.26 


14.22 


9.08 


IRAS04016+2610 


4:04:43.22 


26:18:54.5 


20.35 


16.50 


9.84 


V410 X-ray 3 


4:18:07.96 


28:26:03.6 


19.62 


16.92 


10.45 


HBC 362 


4:05:30.87 


21:51:10.6 


14.73 


13.43 


10.06 


J04181078+2519574 


4:18:10.78 


25:19:57.4 


15.92 


12.26 


9.03 


J04080782+2807280 


4:08:07.82 


28:07:28.1 


18.32 


14.97 


11.39 


V410 Anon 13 


4:18:17.10 


28:28:41.9 


0.00 


18.95 


10.96 


J04 124858+2749563 


4:12:48.58 


27:49:56.3 


17.21 


15.97 


11.68 


HBC 372 


4:18:21.47 


16:58:47.0 


14.32 


13.50 


10.46 


LkCa 1 


4:13:14.14 


28:19:10.8 


15.74 


12.84 


8.62 


V410 Anon 24 


4:18:22.39 


28:24:37.5 






10.73 


Anonl 


4:13:27.22 


28:16:24.7 


15.03 


12.06 


7.79 


V410 Anon 25 


4:18:29.09 


28:26:19.1 






9.94 


IRAS04108+2803 A 


4:13:53.28 


28:11:23.3 






10.37 


KPNO-11 


4:18:30.30 


27:43:20.8 


18.52 


16.30 


11.01 


IRAS04108+2803 B 


4:13:54.71 


28:11:32.8 






11.06 


V410 Tau A 


4:18:31.10 


28:27:16.2 


11.48 


9.88 


7.63 


IRAS04108+2910 


4:13:57.37 


29:18:19.3 


17.44 


14.43 


9.36 


V410 Tau B 


4:18:31.10 


28:27:16.2 


11.48 


9.88 


7.63 


J04141188+2811535 


4:14:11.88 


28:11:53.5 


18.47 


17.36 


11.64 


V410 Tau C 


4:18:31.10 


28:27:16.2 


11.48 


9.88 


7.63 


V773 Tau A 


4:14:12.91 


28:12:12.4 


11.39 


9.97 


6.21 


DD Tau A 


4:18:31.12 


28:16:29.0 


15.67 


13.40 


7.88 


V773 Tau B 


4:14:12.91 


28:12:12.4 


11.39 


9.97 


6.21 


DD Tau B 


4:18:31.12 


28:16:29.0 


15.67 


13.40 


7.88 


FMTau 


4:14:13.58 


28:12:49.2 


15.57 


13.14 


8.76 


CZ Tau A 


4:18:31.58 


28:16:58.5 


16.27 


14.50 


9.36 


FN Tau 


4:14:14.58 


28:27:58.0 


16.30 


13.48 


8.19 


CZ Tau B 


4:18:31.58 


28:16:58.5 


16.27 


14.50 


9.36 


CWTau 


4:14:17.00 


28:10:57.8 


14.84 


11.75 


7.13 


1RAS04154+2823 


4:18:32.03 


28:31:15.3 






10.27 


CIDA-1 


4:14:17.60 


28:06:09.6 


18.15 


15.86 


9.88 


V410 X-ray 2 


4:18:34.44 


28:30:30.2 






9.22 


IRAS041 13+2758 


4:14:26.26 


28:06:03.2 


21.36 


18.91 


7.78 


V410 X-ray 4 


4:18:40.23 


28:24:24.5 






9.69 


MH02 


4:14:26.40 


28:05:59.7 


21.36 


18.91 


7.80 


V892 Tau 


4:18:40.61 


28:19:15.5 


16.60 


13.96 


5.79 


MH03 


4:14:30.55 


28:05:14.7 


20.24 


16.84 


8.24 


LRl 


4:18:41.33 


28:27:25.0 






11.05 


FPTau 


4:14:47.30 


26:46:26.4 


14.81 


12.13 


8.87 


V410X-ray7 


4:18:42.50 


28:18:49.8 


0.00 


18.49 


9.26 


XEST20-066 


4:14:47.39 


28:03:05.5 


17.33 


15.09 


9.92 


V410 Anon 20 


4:18:45.05 


28:20:52.8 






11.93 


CXTau 


4:14:47.86 


26:48:11.0 


15.18 


12.63 


8.81 


Hubble4 


4:18:47.03 


28:20:07.3 


13.34 


11.93 


7.29 



Table 3.: Pre-main sequence stars in Tauras- Auriga (continued) 



PMS 


a(2000) 


5(2000) 


B 


R 


K 


PMS 


a(2000) 


5(2000) 


B 


R 


K 


LkCa 3 A 


4:14:47.97 


27:52:34.6 


13.98 


11.35 


7.42 


KPNO-2 


4:18:51.15 


28:14:33.2 


0.00 


18.95 


12.75 


LkCa 3 B 


4:14:47.97 


27:52:34.6 


13.98 


11.35 


7.42 


CoKu Tau/1 


4:18:51.47 


28:20:26.4 


19.56 


16.06 


10.97 


FO Tau A 


4:14:49.28 


28:12:30.5 


16.97 


13.79 


8.12 


HBC 376 


4:18:51.70 


17:23:16.5 


12.91 


11.41 


9.27 


FO Tau B 


4:14:49.28 


28:12:30.5 


16.97 


13.79 


8.12 


IRAS04158+2805 


4:18:58.13 


28:12:23.4 


20.02 


17.94 


11.18 


CIDA-2 


4:15:05.15 


28:08:46.2 


17.12 


14.52 


9.09 


V410 X-ray 6 


4:19:01.10 


28:19:42.0 


18.95 


16.50 


9.13 


KPNO-1 


4:15:14.71 


28:00:09.6 






13.77 


KPNO-1 2 


4:19:01.26 


28:02:48.7 






14.93 


V410 X-ray 5a 


4:19:01.97 


28:22:33.2 


21.28 


18.48 


10.15 


XESTl 1-087 


4:22:24.04 


26:46:25.8 


18.71 


15.91 


9.77 


FQ Tau A 


4:19:12.81 


28:29:33.0 


16.81 


14.33 


9.31 


IRAS04196+2638 


4:22:47.86 


26:45:53.0 


19.56 


16.10 


9.29 


FQ Tau B 


4:19:12.81 


28:29:33.0 


16.81 


14.33 


9.31 


J04230607+2801194 


4:23:06.07 


28:01:19.4 


20.20 


16.98 


11.20 


BP Tau 


4:19:15.83 


29:06:26.9 


13.00 


13.38 


7.74 


IRAS04200+2759 


4:23:07.76 


28:05:57.3 


17.71 


16.66 


10.41 


V819Tau 


4:19:26.25 


28:26:14.2 


15.26 


12.01 


8.42 


J04231822+2641156 


4:23:18.22 


26:41:15.6 


19.58 


19.34 


10.18 


FRTau 


4:19:35.45 


28:27:21.8 


17.26 


14.84 


9.97 


FUTau 


4:23:35.39 


25:03:02.6 


19.10 


16.70 


9.32 


LkCa 7 A 


4:19:41.27 


27:49:48.4 


14.23 


11.76 


8.26 


FT Tau 


4:23:39.19 


24:56:14.1 


15.72 


12.65 


8.60 


LkCa 7 B 


4:19:41.27 


27:49:48.4 


14.23 


11.76 


8.26 


J04242090+2630511 


4:24:20.90 


26:30:51.1 


20.34 


18.73 


12.43 


IRAS04 166+2706 


4:19:41.48 


27:16:07.0 






11.54 


CFHT-9 


4:24:26.46 


26:49:50.3 


20.59 


18.30 


11.76 


IRAS04 169+2702 


4:19:58.44 


27:09:57.0 






11.58 


IRAS04216+2603 


4:24:44.57 


26:10:14.1 


18.33 


15.46 


9.05 


J04201611+2821325 


4:20:16.11 


28:21:32.5 


20.56 


18.42 


12.55 


J 1-4423 


4:24:45.06 


27:01:44.7 


17.62 


15.16 


10.46 


J04202555+2700355 


4:20:25.55 


27:00:35.5 


20.55 


18.75 


11.51 


IP Tau 


4:24:57.08 


27:11:56.5 


14.11 


12.29 


8.35 


J04202583+28 19237 


4:20:25.83 


28:19:23.7 


20.40 


18.02 


11.72 


Jl-4872 A 


4:25:17.67 


26:17:50.4 


15.13 


12.42 


8.54 


J04202606+2804089 


4:20:26.06 


28:04:08.9 


16.41 


13.90 


9.70 


Jl-4872 B 


4:25:17.67 


26:17:50.4 


15.13 


12.42 


8.54 


XEST16-045 


4:20:39.18 


27:17:31.7 


18.15 


16.22 


9.56 


KPNO-3 


4:26:29.39 


26:24:13.7 


19.89 


19.02 


12.08 


J2-157 


4:20:52.73 


17:46:41.5 


17.12 


15.52 


10.78 


FV Tau A 


4:26:53.52 


26:06:54.3 


17.47 


14.00 


7.44 


CFHT-19 


4:21:07.95 


27:02:20.4 


0.00 


18.85 


10.54 


FV Tau B 


4:26:53.52 


26:06:54.3 


17.47 


14.00 


7.44 


J04210934+2750368 


4:21:09.34 


27:50:36.8 


17.77 


15.55 


10.36 


FV Tau/c A 


4:26:54.40 


26:06:51.0 


18.69 


15.46 


8.87 


IRAS041 8 1+2654 B 


4:21:10.38 


27:01:37.2 






11.09 


FV Tau/c B 


4:26:54.40 


26:06:51.0 


18.69 


15.46 


8.87 


IRAS041 8 1+2655 


4:21:10.90 


27:02:06.0 








IRAS04239+2436 


4:26:56.29 


24:43:35.3 






9.99 


IRAS04181+2654 A 


4:21:11.46 


27:01:09.4 






10.34 


KPNO-13 


4:26:57.33 


26:06:28.4 


19.78 


16.64 


9.58 


J04213459+2701388 


4:21:34.59 


27:01:38.8 


20.46 


17.32 


10.44 


DG Tau B 


4:27:02.66 


26:05:30.4 




19.39 




XEST21-026 


4:21:40.13 


28:14:22.4 


18.15 


16.22 


11.03 


DF Tau A 


4:27:02.80 


25:42:22.3 


12.96 


13.34 


6.73 


IRAS04187+1927 


4:21:43.23 


19:34:13.3 


16.99 


14.86 


8.02 


DF Tau B 


4:27:02.80 


25:42:22.3 


12.96 


13.34 


6.73 


CFHT-10 


4:21:46.31 


26:59:29.6 






12.31 


DGTau 


4:27:04.69 


26:06:16.3 


10.13 


8.97 


6.99 


J04215450+2652315 


4:21:54.51 


26:52:31.5 






13.90 


KPNO-4 


4:27:27.99 


26:12:05.2 




19.70 


13.28 


DETau 


4:21:55.63 


27:55:06.0 


14.98 


11.89 


7.80 


CFHT-15 


4:27:45.38 


23:57:24.3 






13.69 


RYTau 


4:21:57.40 


28:26:35.5 


10.73 


9.62 


5.39 


IRAS04248+2612 


4:27:57.30 


26:19:18.3 


20.58 


15.73 


11.03 



Table 3.: Pre-main sequence stars in Tauras- Auriga (continued) 



PMS 


a(2000) 


5(2000) 


B 


R 


K 


PMS 


a(2000) 


5(2000) 


B 


R 


K 


HD283572 


4:21:58.84 


28:18:06.6 


9.44 


8.56 


6.87 


J04284263+2714039 


4:28:42.63 


27:14:03.9 


17.51 


16.81 


10.46 


TTauN 


4:21:59.43 


19:32:06.3 


10.47 


9.19 


5.33 


J04290068+2755033 


4:29:00.68 


27:55:03.3 






12.85 


TTauS 


4:21:59.43 


19:32:06.3 


10.47 


9.19 


5.33 


1RAS04260+2642 


4:29:04.98 


26:49:07.3 


19.97 


18.46 


11.88 


IRAS04191+1523 


4:22:00.10 


15:30:21.3 






12.26 


J 1-507 


4:29:20.71 


26:33:40.6 


16.08 


13.56 


8.79 


H6-5B 


4:22:00.69 


26:57:32.4 






11.75 


1RAS04263+2654 


4:29:21.65 


27:01:25.9 




17.96 


8.72 


FS Tau A 


4:22:02.17 


26:57:304 


13.78 


11.33 


8.18 


GV Tau A 


4:29:23.73 


24:33:00.2 


17.62 


13.13 


8.05 


FS Tau B 


4:22:02.17 


26:57:304 


13.78 


11.33 


8.18 


GV Tau B 


4:29:23.73 


24:33:00.2 


17.62 


13.13 


8.05 


LkCa 21 


4:22:03.13 


28:25:38.9 


15.32 


12.45 


8.45 


IRAS04263+2426 


4:29:24.11 


24:32:57.7 


20.54 


15.36 


10.57 


J04221332+1934392 


4:22:13.32 


19:34:39.2 


19.86 


19.34 


11.53 


FWTauC 


4:29:29.71 


26:16:53.2 


17.47 


14.65 


9.39 


XESTl 1-078 


4:22:15.68 


26:57:06.0 


20.18 


17.16 


12.03 


FWTau A 


4:29:29.71 


26:16:53.2 


17.47 


14.65 


9.39 


CFHT-14 


4:22:16.44 


25:49:11.8 


20.49 


19.07 


11.94 


FWTauB 


4:29:29.71 


26:16:53.2 


17.47 


14.65 


9.39 


CFHT-21 


4:22:16.76 


26:54:57.1 


19.36 


15.61 


9.00 


1RAS04264+2433 


4:29:30.08 


24:39:55.0 




18.42 


11.13 


J04293606+2435556 


4:29:36.06 


24:35:55.6 


18.32 


16.17 


8.66 


J04320329+2528078 


4:32:03.29 


25:28:07.8 


19.71 


16.84 


10.72 


DH Tau A 


4:29:41.55 


26:32:58.2 


14.96 


12.09 


8.18 


L1551-51 


4:32:09.27 


17:57:22.8 


13.83 


11.13 


12.15 


DH Tau B 


4:29:41.55 


26:32:58.2 


14.96 


12.09 


8.18 


V827 Tau 


4:32:14.56 


18:20:14.7 


14.35 


11.39 


8.23 


Dl Tau A 


4:29:42.47 


26:32:49.3 


14.12 


0.00 


8.39 


Haro6-13 


4:32:15.40 


24:28:59.7 


18.86 


14.85 


8.10 


DI Tau B 


4:29:42.47 


26:32:49.3 


14.12 


0.00 


8.39 


V826 Tau A 


4:32:15.83 


18:01:38.7 


14.23 


11.28 


8.25 


KPNO-5 


4:29:45.68 


26:30:46.8 


20.56 


18.68 


11.54 


V826 Tau B 


4:32:15.83 


18:01:38.7 


14.23 


11.28 


8.25 


IQTau 


4:29:51.56 


26:06:44.8 


15.60 


12.14 


7.78 


MH05 


4:32:16.02 


18:12:46.4 


18.95 


16.36 


10.06 


CFHT-20 


4:29:59.50 


24:33:07.8 


20.52 


17.15 


9.81 


CFHT-7 


4:32:17.86 


24:22:14.9 


19.99 


16.73 


10.38 


UX Tau C 


4:30:03.99 


18:13:49.3 


12.04 


10.30 


7.55 


V928 Tau A 


4:32:18.85 


24:22:27.1 


15.59 


12.87 


8.11 


UX Tau B 


4:30:03.99 


18:13:49.3 


12.04 


10.30 


7.55 


V928 Tau B 


4:32:18.85 


24:22:27.1 


15.59 


12.87 


8.11 


UX Tau A 


4:30:03.99 


18:13:49.3 


12.04 


10.30 


7.55 


MH06 


4:32:22.10 


18:27:42.6 


17.00 


15.30 


10.65 


KPNO-6 


4:30:07.24 


26:08:20.7 


0.00 


19.42 


13.69 


J04322329+2403013 


4:32:23.29 


24:03:01.3 


21.15 


18.35 


11.33 


CFHT-16 


4:30:23.65 


23:59:12.9 


18.14 


15.37 


13.70 


J04322415-I-2251083 


4:32:24.15 


22:51:08.3 


18.75 


15.95 


10.53 


FX Tau A 


4:30:29.61 


24:26:45.0 


15.01 


12.71 


7.92 


MH07 


4:32:26.27 


18:27:52.1 


18.06 


15.96 


10.17 


FX Tau B 


4:30:29.61 


24:26:45.0 


15.01 


12.71 


7.92 


GG Tau Ba 


4:32:30.28 


17:31:30.3 






9.97 


DKTauA 


4:30:44.25 


26:01:24.4 


14.17 


11.08 


7.10 


GG Tau Bb 


4:32:30.28 


17:31:30.3 






9.97 


DKTauB 


4:30:44.25 


26:01:24.4 


14.17 


11.08 


7.10 


GG Tau Aa 


4:32:30.34 


17:31:40.6 


12.64 


11.80 


7.36 


IRAS04278+2253 


4:30:50.28 


23:00:08.8 


17.08 


14.18 


5.86 


GG Tau Ab 


4:32:30.34 


17:31:40.6 


12.64 


11.80 


7.36 


ZZTau 


4:30:51.37 


24:42:22.2 


15.82 


13.31 


8.44 


FY Tau 


4:32:30.58 


24:19:57.2 


17.37 


13.79 


8.05 


ZZ Tau IRS 


4:30:51.71 


24:41:47.5 


18.59 


16.28 


10.31 


FZTau 


4:32:31.76 


24:20:02.9 


17.11 


13.85 


7.35 


KPNO-7 


4:30:57.18 


25:56:39.4 


0.00 


19.28 


13.27 


IRAS04295+2251 


4:32:32.05 


22:57:26.6 


0.00 


20.18 


10.14 


JH56 


4:31:14.44 


27:10:17.9 


13.77 


12.20 


8.79 


UZ Tau Ba 


4:32:42.82 


25:52:31.4 


13.41 


11.37 


7.47 



Table 3.: Pre-main sequence stars in Tauras- Auriga (continued) 



PMS 


a(2000) 


5(2000) 


B 


R 


K 


PMS 


a(2000) 


5(2000) 


B 


R 


K 


MH09 


4:31:15.94 


18:20:07.2 


17.66 


15.16 


10.30 


UZ Tau Bb 


4:32:42.82 


25:52:31.4 


13.41 


11.37 


7.47 


J043 11907+2335047 


4:31:19.07 


23:35:04.7 




19.43 


12.20 


UZ Tau A 


4:32:43.03 


25:52:31.1 


13.41 


11.37 


7.35 


V927 Tau A 


4:31:23.82 


24:10:52.9 


16.12 


13.78 


8.77 


L1551-55 


4:32:43.73 


18:02:56.3 


15.29 


13.31 


9.31 


V927 Tau B 


4:31:23.82 


24:10:52.9 


16.12 


13.78 


8.77 


JH112 


4:32:49.11 


22:53:02.7 


16.54 


13.26 


8.17 


MH04 


4:31:24.06 


18:00:21.5 


20.31 


17.50 




J04324938-I-2253082 


4:32:49.38 


22:53:08.2 


20.15 




9.20 


CFHT-13 


4:31:26.69 


27:03:18.8 






13.45 


CFHT-5 


4:32:50.26 


24:22:11.5 






11.28 


L1551 IRS5 


4:31:34.07 


18:08:04.9 


20.11 


17.10 


9.82 


J043251 19-1-1730092 


4:32:51.19 


17:30:09.2 






13.55 


LkHa 358 


4:31:36.13 


18:13:43.2 


19.40 


16.50 


9.69 


MHOS 


4:33:01.97 


24:21:00.0 


19.53 


16.52 


9.73 


HH30 IRS 


4:31:37.50 


18:12:24.4 


19.48 


16.77 


14.24 


GHTauA 


4:33:06.22 


24:09:33.9 


14.57 


11.63 


7.79 


HLTau 


4:31:38.43 


18:13:57.6 


14.20 


10.63 


7.41 


GH Tau B 


4:33:06.22 


24:09:33.9 


14.57 


11.63 


7.79 


XZ Tau A 


4:31:40.07 


18:13:57.1 


16.11 


13.56 


7.29 


V807 Tau A 


4:33:06.64 


24:09:54.9 


11.68 


10.67 


6.96 


XZ Tau B 


4:31:40.07 


18:13:57.1 


16.11 


13.56 


7.29 


V807 Tau B 


4:33:06.64 


24:09:54.9 


11.68 


10.67 


6.96 


L1551NE 


4:31:44.44 


18:08:31.5 






11.41 


KPNO-14 


4:33:07.81 


26:16:06.6 


20.60 


18.70 


10.27 


HK Tau A 


4:31:50.56 


24:24:18.0 


17.18 


14.40 


8.59 


CFHT-12 


4:33:09.46 


22:46:48.7 




19.92 


11.55 


HK Tau B 


4:31:50.56 


24:24:18.0 


17.18 


14.40 


8.59 


V830 Tau 


4:33:10.03 


24:33:43.3 


13.33 


10.95 


8.42 


V710Tau A 


4:31:57.70 


18:21:37.0 


14.95 


12.70 


8.69 


IRAS04301-I-2608 


4:33:14.36 


26:14:23.5 


0.00 


19.26 


12.48 


V710TauB 


4:31:57.70 


18:21:37.0 


14.95 


12.70 


8.69 


IRAS04302-I-2247 


4:33:16.50 


22:53:20.4 


0.00 


18.04 


11.72 


J 1-665 


4:31:58.44 


25:43:29.9 


17.43 


14.91 


9.56 


IRAS04303-I-2240 


4:33:19.07 


22:46:34.2 


20.39 


16.22 


7.67 


XEST17-036 


4:33:26.21 


22:45:29.3 


20.47 


17.49 


9.92 


KPNO-9 


4:35:51.43 


22:49:11.9 






14.19 


GITau 


4:33:34.05 


24:21:17.0 






7.89 


XEST08-047 


4:35:52.09 


22:55:03.9 


18.56 


15.85 


9.81 


GKTau 


4:33:34.56 


24:21:05.8 






7.47 


HP Tau 


4:35:52.77 


22:54:23.1 


0.00 


0.00 


7.62 


IS Tau A 


4:33:36.78 


26:09:49.2 


17.44 


14.35 


8.64 


XEST08-049 


4:35:52.86 


22:50:58.5 


18.50 


15.63 


9.75 


IS Tau B 


4:33:36.78 


26:09:49.2 


17.44 


14.35 


8.64 


HP Tau/G3 


4:35:53.49 


22:54:08.9 






8.80 


DLTau 


4:33:39.06 


25:20:38.2 


13.81 


11.52 


7.96 


HP Tau/G2 


4:35:54.15 


22:54:13.4 


11.66 


10.06 


7.23 


DLTau 


4:33:39.06 


25:20:38.2 


13.81 


11.52 


7.96 


Haro 6-28 A 


4:35:56.84 


22:54:36.0 


16.91 


15.39 


9.53 


HN Tau B 


4:33:39.35 


17:51:52.3 


15.50 


13.31 


8.38 


Haro 6-28 B 


4:35:56.84 


22:54:36.0 


16.91 


15.39 


9.53 


HN Tau A 


4:33:39.35 


17:51:52.3 


15.50 


13.31 


8.38 


XEST09-042 


4:35:58.92 


22:38:35.3 


13.90 


11.44 


8.37 


J04333905+2227207 


4:33:39.05 


22:27:20.7 


19.08 


16.13 


10.71 


J04361030+2159364 


4:36:10.31 


21:59:36.5 




20.16 


13.65 


J04334291+2526470 


4:33:42.91 


25:26:47.0 






13.33 


CFHT-2 


4:36:10.38 


22:59:56.0 




19.17 


13.75 


J04334465+2615005 


4:33:44.65 


26:15:00.5 


20.23 


17.91 


9.74 


LkCa 14 


4:36:19.09 


25:42:58.9 


12.18 


10.73 


8.58 


DM Tau 


4:33:48.71 


18:10:09.9 


15.61 


13.61 


9.52 


J04362151p2351165 


4:36:21.51 


23:51:16.5 


18.91 


17.43 


12.24 


CI Tau 


4:33:52.00 


22:50:30.1 


14.30 


11.85 


7.79 


CFHT-3 


4:36:38.96 


22:58:11.9 




19.21 


13.72 


XEST 17-059 


4:33:52.52 


22:56:26.9 


17.31 


14.78 


9.11 


J04373705+2331080 


4:37:37.05 


23:31:08.0 


20.23 


17.91 


15.44 


J04335245p2612548 


4:33:52.45 


26:12:54.8 






13.99 


ITG 1 


4:37:56.70 


25:46:22.9 


19.14 


17.45 


12.70 



Table 3.: Pre-main sequence stars in Tauras- Auriga (continued) 



PMS 


a(2000) 


5(2000) 


B 


R 


K 


PMS 


a(2000) 


5(2000) 


B 


R 


K 


IT Tau B 


4:33:54.70 


26:13:27.5 


15.95 


13.06 


7.86 


ITG 2 


4:38:00.83 


25:58:57.2 


20.41 


18.16 


10.10 


IT Tau A 


4:33:54.70 


26:13:27.5 


15.95 


13.06 


7.86 


J0438 1486+261 1399 


4:38:14.86 


26:11:39.9 


19.84 


19.45 


12.98 


J2-2041 


4:33:55.46 


18:38:39.0 


16.44 


14.47 


9.61 


GMTau 


4:38:21.34 


26:09:13.7 


18.39 


16.16 


10.63 


JH108 


4:34:10.99 


22:51:44.5 


16.68 


13.90 


9.43 


DO Tau 


4:38:28.58 


26:10:49.4 


14.61 


12.12 


7.30 


CFHT-1 


4:34:15.27 


22:50:31.0 






11.85 


HV Tau A 


4:38:35.28 


26:10:38.6 


15.02 


11.88 


7.91 


HBC 407 


4:34:18.03 


18:30:06.6 


14.44 


13.00 


9.90 


HV Tau B 


4:38:35.28 


26:10:38.6 


15.02 


11.88 


7.91 


XEST08-003 


4:34:56.93 


22:58:35.8 


16.00 


13.46 


9.27 


HV Tau C 


4:38:35.49 


26:10:41.5 


15.02 


11.88 


7.91 


A A Tau 


4:34:55.42 


24:28:53.1 


14.39 


12.02 


8.05 


CFHT-6 


4:39:03.96 


25:44:26.4 


19.99 


18.92 


11.37 


J04345973+2807017 


4:34:59.73 


28:07:01.7 


20.15 


20.45 


14.65 


J04390525p2337450 


4:39:05.25 


23:37:45.0 


17.30 


14.55 


11.55 


CFHT-11 


4:35:08.50 


23:11:39.8 


20.35 


18.01 


11.59 


IRAS04361p2547 


4:39:13.89 


25:53:20.8 






10.72 


HO Tau 


4:35:20.20 


22:32:14.6 


15.60 


14.06 


10.24 


CIDA-13 


4:39:15.86 


30:32:07.4 


17.81 


15.76 


11.83 


FF Tau A 


4:35:20.89 


22:54:24.2 


16.63 


12.82 


8.93 


VY Tau A 


4:39:17.41 


22:47:53.3 


14.70 


13.03 


8.96 


FF Tau B 


4:35:20.89 


22:54:24.2 


16.63 


12.82 


8.93 


VY Tau B 


4:39:17.41 


22:47:53.3 


14.70 


13.03 


8.96 


HBC 412 A 


4:35:24.10 


17:51:41.0 






9.10 


LkCa 15 


4:39:17.79 


22:21:03.4 


12.54 


11.43 


8.16 


HBC 412 B 


4:35:24.10 


17:51:41.0 






9.10 


GN Tau A 


4:39:20.90 


25:45:02.1 


17.34 


13.76 


8.06 


DNTau 


4:35:27.37 


24:14:58.9 


13.20 


11.44 


8.02 


GN Tau B 


4:39:20.90 


25:45:02.1 


17.34 


13.76 


8.06 


IRAS04325+2402 


4:35:35.39 


24:08:19.4 






11.60 


J04393364p2359212 


4:39:33.64 


23:59:21.1 


18.28 


15.72 


10.28 


CoKu Tau3 A 


4:35:40.93 


24:11:08.7 


18.09 


14.58 


8.41 


IRAS04365p2535 


4:39:35.19 


25:41:44.7 






10.84 


CoKu Tau3 B 


4:35:40.93 


24:11:08.7 


18.09 


14.58 


8.41 


ITG 15 


4:39:44.88 


26:01:52.7 


20.34 


16.62 


8.95 


KPNO-8 


4:35:41.84 


22:34:11.6 


20.41 


18.04 


11.99 


CFHT-4 


4:39:47.48 


26:01:40.7 




19.09 


10.33 


XEST08-033 


4:35:42.03 


22:52:22.6 


19.37 


16.13 


10.00 


IRAS04368p2557 


4:39:53.89 


26:03:11.0 






12.00 


J04354526+2737130 


4:35:45.26 


27:37:13.1 




19.43 


13.71 


IC 2087 IRS 


4:39:55.74 


25:45:02.0 


0.00 


19.15 


6.28 


HQ Tau 


4:35:47.33 


22:50:21.6 


13.04 


11.06 


7.14 


J04400067p2358211 


4:40:00.67 


23:58:21.1 


19.45 


17.35 


11.48 


KPNO-15 


4:35:51.10 


22:52:40.1 


17.78 


15.24 


10.01 


CFHT-1 7 


4:40:01.74 


25:56:29.2 






10.76 


IRAS04370+2559 


4:40:08.14 


26:05:26.54 




19.30 


9.10 


DS Tau 


4:47:48.59 


29:25:11.2 


11.67 


11.00 


8.04 


J04403979+25 19061 


4:40:39.79 


25:19:06.1 


20.21 


17.87 


10.24 


J04484 189+ 1703374 


4:48:41.90 


17:03:37.4 




19.64 


12.49 


JH223 


4:40:49.50 


25:51:19.1 


16.62 


14.26 


9.49 


UY Aur A 


4:51:47.37 


30:47:13.4 


12.47 


11.35 


7.24 


Haro 6-32 


4:41:04.24 


25:57:56.1 


18.47 


15.36 


9.95 


UY AurB 


4:51:47.37 


30:47:13.4 


12.47 


11.35 


7.24 


IWTauA 


4:41:04.70 


24:51:06.2 


14.39 


11.94 


8.28 


IRAS04489p3042 


4:52:06.68 


30:47:17.5 






10.38 


IW Tau B 


4:41:04.70 


24:51:06.2 


14.39 


11.94 


8.28 


St34 


4:54:23.68 


17:09:53.4 


15.56 


14.15 


9.79 


ITG 33 A 


4:41:08.26 


25:56:07.4 


20.43 


18.63 


11.09 


GM Aur 


4:55:10.98 


30:21:59.5 


13.84 


11.12 


8.28 


ITG 34 


4:41:10.78 


25:55:11.6 




19.37 


11.45 


J04552333+3027366 


4:55:23.33 


30:27:36.6 


0.00 


18.63 


11.97 


IRAS04381p2540 


4:41:12.67 


25:46:35.4 






11.54 


LkCa 19 


4:55:36.95 


30:17:55.3 


11.67 


10.49 


8.15 


CoKu Tau/4 


4:41:16.81 


28:40:00.0 


13.99 


12.10 


8.66 


J04554046+3039057 


4:55:40.46 


30:39:05.7 


19.07 


17.08 


11.77 



Table 3.: Pre-main sequence stars in Tauras- Auriga (continued) 



PMS 


a(2000) 


5(2000) 


B 


R 


K 


PMS 


a(2000) 


5(2000) 


B 


R 


K 


ITG40 


4:41:24.64 


25:43:53.0 






11.75 


J04554535-I-3019389 


4:55:45.35 


30:19:38.9 


17.64 


15.49 


10.46 


IRAS04385+2550 


4:41:38.82 


25:56:26.5 


18.84 


15.54 


9.65 


AB Aur 


4:55:45.82 


30:33:04.3 


7.13 


7.03 


4.23 


J04414489+2301513 


4:41:44.90 


23:01:51.4 




20.55 


13.16 


J04554757+3028077 


4:55:47.57 


30:28:07.7 


17.26 


15.17 


9.98 


J04414565+2301580 


4:41:45.65 


23:01:58.0 


16.73 


14.24 


9.85 


J04554801+3028050 


4:55:48.01 


30:28:05.5 


20.47 


16.66 


12.15 


J04414825+2534304 


4:41:48.25 


25:34:30.4 


20.33 


19.29 


12.22 


XEST26-052 


4:55:48.20 


30:30:16.0 


17.67 


15.80 


10.95 


LkHa 332/G2 A 


4:42:05.48 


25:22:56.2 


15.55 


11.99 


8.23 


J04554969+3019400 


4:55:49.69 


30:19:40.0 


20.14 


17.84 


11.86 


LkHa 332/G2 B 


4:42:05.48 


25:22:56.2 


15.55 


11.99 


8.23 


J04555288+3006523 


4:55:52.89 


30:06:52.3 


17.87 


15.80 


10.73 


LkHa 332/Gl A 


4:42:07.32 


25:23:03.2 


13.80 


9.84 


7.95 


XEST26-062 


4:55:56.05 


30:36:20.9 


15.79 


12.94 


9.27 


LkHa 332/Gl B 


4:42:07.32 


25:23:03.2 


13.80 


9.84 


7.95 


J04555636-I-3049374 


4:55:56.37 


30:49:37.5 


18.32 


16.17 


11.09 


vyjj lau A 


4.4Z.U/. / / 


Zj.Zj. 1 i.o 


1/1 on 


u.uu 


Q A'X 


CTT A.«. 

oU Aur 


4.33. jy. 38 


3U.J4.U1.3 


O QQ 

y.oo 


0.03 




V955 Tau B 


4:42:07.77 


25:23:11.8 


14.90 


0.00 


9.43 


HBC 427 


4:56:02.01 


30:21:03.7 


12.08 


10.67 


8.13 


ClDA-7 


4:42:21.01 


25:20:34.3 


18.84 


16.22 


10.17 


J04574903+3015195 


4:57:49.03 


30:15:19.5 






11.48 


DP Tau 


4:42:37.69 


25:15:37.4 


16.71 


14.03 


8.76 


V836 Tau 


5:03:06.59 


25:23:19.7 


14.25 


12.13 


8.60 


GO Tau 


4:43:03.09 


25:20:18.7 


16.81 


14.24 


9.33 


CIDA-8 


5:04:41.39 


25:09:54.4 


17.11 


14.64 


9.60 


ClDA-14 


4:43:20.23 


29:40:06.0 


17.01 


14.96 


9.41 


CIDA-9 


5:05:22.86 


25:31:31.2 


17.04 


14.09 


11.16 


IRAS04414+2506 


4:44:27.13 


25:12:16.4 


19.27 


17.00 


10.76 


CIDA-10 


5:06:16.74 


24:46:10.2 


16.38 


14.25 


9.82 


IRAS04428p2403 


4:45:54.82 


24:08:43.5 


17.67 


15.66 


13.19 


CIDA-U 


5:06:23.32 


24:32:19.9 


15.49 


13.82 


9.46 


RXJ04467+2459 


4:46:42.59 


24:59:03.1 


18.29 


15.85 


15.58 


RXJ05072+2437 


5:07:12.07 


24:37:16.4 


14.32 


12.07 


9.30 


DQTau 


4:46:53.05 


17:00:00.1 


16.28 


12.45 


7.98 


RWAurA 


5:07:49.53 


30:24:05.0 


10.62 


10.06 


7.02 


Haro 6-37 A 


4:46:58.97 


17:02:38.1 


14.93 


12.69 


7.31 


RWAurB 


5:07:49.53 


30:24:05.0 


10.62 


10.06 


7.02 


Haro 6-37 B 


4:46:59.09 


17:02:40.3 


14.93 


12.69 


7.31 


CIDA-12 


5:07:56.56 


25:00:19.6 


15.63 


14.26 


10.40 


DRTau 


4:47:06.20 


16:58:42.8 


12.08 


10.68 


6.87 















^HP Tau and HP Tau/G3 are confused with reflection nebulosity on the USNO plates. 
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To the south, most pre-main sequence stars are in and around LI 551. In addition 
to L1551 1RS5 (see below), the protostar L1551 NE and a few deeply embedded T 
Tauri stars (HL Tau, XZ Tau, and HH30 IRS) form a close group of pre-main sequence 
stars. A few stars lie in the larger but less dense L1556 cloud to the east, with only a 
few stars outside the main cloud boundaries (Figure O. 

Despite the filamentary structure of the dark clouds, the vast majority of young 



1993; Simon 



stars i n Taurus-Auriga lie in several small groups (Table 4; lG6mez et al. 
19971 ; lEuhman I l2"006h . Counting each group of stars within 20" as one system, the 



median separation of young stellar syst ems is ^ 0.3 pc, roughl y a factor of 3 larger 



19891). The typical group 



than the radius of a dense cloud core (iBenson & Myers I 

has 20-30 systems within a surface area of ~ 1-3 pc^ (see also lGomez et al. 111993 ). 
Current radial velocity and proper motion data are insufficient to infer whether any of 
these groups are bound. 



1989; 



1994; 



Many pre-main sequence stars ar e in b inary o r mul tiple systems (Table 5 ; Leinert & Haas 
Haas et al. Il"990l:lsimon et al. lll99lll993L |l995'.'2000':'Ghez et al. " 



Richichi etal 1994 ; Koresko et al. 1997; Kohler & Leinert 



'1993;MathieuJ 
1998; White ^ 



Mathieu I 
et al j 



1999; Moriartv-Schieven et al. 2000; Konig et al. 2001; Woitas et al. 2001 ; Reipurth etal 



2002; Tamazian et al. 



2 002: D uchene et al. 2003b, 2004, 2006; Kraus et al. , i200^ 
Gramajo et al. l 2007l ; iKonopack v et al.l 2007; Ireland & Kraus 200^). The binary fre- 
quency among this sample is comparable to or slightly larger than the field binary fre- 
quency. Although most binaries are pairs of weak emission T Tauri stars or classical 
T Tauri stars with bright emission lines, there are a few mixed pairs of weak and clas- 
sical T Tauri stars. In most binaries and multiple systems, the stars are coeval, but 
there are some large age differences (e.g., Hartigan et al. 'l994';'Prato & Simon "199 



White & Ghez 2001 ; Hartigan & Kenyon 2003; Prato et al. 2003 ; Hillenbrand & White 



hitel 



20041) . Further study is needed to see whether these differences are real, due to errors in 



the pre-main sequence evolutionary tracks, or the result of different accretion histories. 

The large sample of pr e-main seq u ence stars in Taurus-Auri ga yields good tests 
of stellar evolution models. iKholopovl ( 1951 ) and iHerbigl (Il952) first showed that T 
Tauri stars lie 1-3 mag above the main sequence (Figure |7ll. 'Hayashi) (Il96l 1966) 
used stellar structure calculations to show that these stars are contracting to the main 
sequence along 'Hay ashi tracks' with roughly constant effective temperature (see also 
Cohen & Kuhi |[T97 9). Later elaborations of these models provide a better understand- 
ing of h ow pre-main se quence stars form and ev olve (e.g. .Baraffe et al. ,1995,. ,2002 ; 
Siess & Forestini 1996 :lsiess et al. lll99lll999l:lTout et al. Ill999l:lwhite et al. i ll 9991: 



Hartmann 112002 : iPalla & Stabler II2002I : iMonin et al. ll2005l : lBertout et al. \\2m% . 



Because dynamical masses for T Tauri stars have been rare, stellar evolution mod- 
els are the best way to estimate masses and to measure the initial mass function (IMF) 

for young stars. In Taurus- Auriga, the large pre-main sequence population provides the 

standard IMF for a nea r by yo ung association with stellar ages of 1-10 Myr (iKenyon & Hartmann 



19951 : lltohet aTll 19961 : iLuhm an 200 41). The recent discovery of brown dwarfs extends 



the IMF to substellar masses (Briceno et al. 1993; Briceiio et al. 1l2002l:lLuhman Il2000l 



20041 . 120061 : iMartfn et al. 11200 L : iGuieu et al. ..2006 : Luhman et al. 1120061 ^ 



From X-ray to radio wavelengths, T Tauri stars have impressive displays of peri- 
odic and random brightness variations. In the UV, optical, and near-IR, modulations due 
to hot and cold spots produce repeatable variations with periods of a few days to almost 
two weeks (Bouvier et al. 1988, 1992, 1993; Bouvier & Bertout 1989; Audard et af] 
20071 : IStelzer et al. II2007I) . Random changes in brightness occur on timescales of days 




4:50:00 4:40:00 4:30:00 4:20:00 4:10:00 
Right Ascension 



Figure 5. Sky map for the center of the Taurus-Aurig a region in J20 00 coordi- 
nates. SoUd contours indicate CO column densities from Ungerechts & Th addeusl 
(Il987h : the levels are 3, 5, 10, 15, and 20 K km s^^. Solid points indicate the posi- 
tions of pre-main sequence stars from Table 3. Groups of young stars lie in L1495 
(NW; RA = 4^^ 12'"-4'^ 20"\ Dec = 27°-29°), B18/L1529 (center; RA = 4'^ 24'"- 
4'' 36, Dec = 23°-25°), B19/L1521 (center; RA = 4'' 24'"-4'' 36, Dec = 25°-27°), 
and L1527-29, L1534-35 (E; RA = 41^ 36'"-4i' 44, Dec = 24°-26°). Only a few 
young stars lie outside the densest molecular gas. 




\ t \ i \ i \ i \ 
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Right Ascension 



Figure 6. As in Figure |5] for the southern portion of the Taurus-Auriga region. 
Groups of young stars are heavily concentrated in the L1551 dark cloud (RA = 
4I' 31"^, Dec = 18°), with a few stars in L1543 (RA = A^^ 23™, Dec = 19°) and 
L1556 (RA = 4'' 46™, Dec = 17°). 
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Table 4. Groups of pre-main sequence stars in Taurus-Auriga 



ID a(2000) 


5(2000) 


Dark Cloud Density (pc ^) 


Radius (pc) 


Number 


1 4:14:13 


H-28: 10:50 


B209 


4.7 


0.5 


22 


II 4:18:39 


H-28:23:55 


L1495 


7.2 


0.5 


34 


III 4:40:17 


H-25:45:45 


HCL2 


2.0 


0.9 


30 


IV 4:32:29 


H-24:23:00 


L1529 


1.3 


1.1 


25 


V 4:34:40 


H-22:49:30 


L1536 


1.8 


1.0 


33 


VI 4:31:47 


H-18:09:40 


L1551 


1.2 


1.1 


25 


Table 5. Close binaries in Taurus- Auriga^ 


Binary 


Sep (") 


(5K (mag) 


Binary 


Sep (") 


SK (mag) 


HBC 351 


0.6 


1 6 


CFHT-7 


? 


4 


HBC 356/357 


2.0 




V9?8 Tau 

V y A. O J. tlU. 


2 


6 


HBC 358 


1.6 


6 


fifi Tan A 

V.J V.J J.£lLi ZT. 


3 

W.J 


5-1 7 

W.J 1 .Zj 


V773 Tau AB 


sb 




nn Tan R 


1 < 

L .J 


1 7-1 8 


V773 Tau AB-C 


0.1 


1 7 

1 — z, 


1 17 Tau W 




5-1 1 


LkCa3 


0.5 





TT7 Tan F 






FOTau 


0.2 


S 

V/. J 


nH Tan 






V410Tau AB 


0.1 


? 


V807 Tau 

V OV/ / J. ClLl 


3 

W.J 


1.1 


V410Tau A-C 


0.3 


j.yj 


nK" Tan 

V.J I\ ItlLl 


9 4 




DDTau 


0.6 


7 Q 


T*^ Tan 




9 6 


CZTau 


0.3 


v/.O 


HN Tan 




J ,u 


FQTau 


0.8 


1 


TT Tan 




1 6 


LkCa7 


1.1 


w.u 




1 

W. X 


1 

1 . w 


T Tau NS 


0.7 


2-6 


HBC 412 


0.7 


0.0 


TTauS 


0.1 


0.5-3.0 


CoKu Tau/3 


2.0 


1.9 


FS Tau 


0.3 


2.3 


HP Tau 


0.1 


2.3 


J4872 


3.0 


0.8 


HP Tau/G3 


0.1 


1.4 


FVTau 


0.7 


0.2 


Haro 6-28 


0.7 


0.5 


FV Tau/c 


0.7 


1.9 


HV Tau Aa 


0.1 


0.6 


IRAS04239H-2436 


0.3 


0.5-1.0 


HV Tau AB 


4.0 


3.8 


DFTau 


0.1 


0.4-0.9 


IRAS04361H-25473 


0.3 


0.4 


IRAS04248H-26122 4.6 


4.6 


VYTau 


0.7 


1.5 


J04284263H-27 14039 0.6 


0.9 


GNTau 


0.1 


0.5 


GVTau 


1.2 


2.2 


CFHT-17 


0.6 


1.5 


IRAS04263H-2426 


1.3 


1.1 


J04403979H-25 19061 


0.1 


1.1 


FWTau 


0.2 


0.0 


IWTau 


0.3 


0.0 


DH Tau A 


2.3 


6.8 


CoKu Tau/4 


0.1 


0.2 


DITau 


0.1 


2.3 


IRAS04385H-2550 


18.9 


3.2 


UX Tau A-C 


2.7 


2.9 


LkHa 332/Gl 


0.2 


0.6 


FX Tau 


0.9 


0.4 


LkHa 332/G2 


0.3 


0.6 


DKTau 


2.5 


1.3 


V955 Tau 


0.3 


1.6 


ZZ Tau 


0.1 


0.9 


Haro 6-37 Aa 


0.3 


2.5 


V927 Tau 


0.3 


0.3 


Haro 6-37 AB 


2.7 


0.9 


XZTau 


0.3 


0.7 


UY Aur 


0.9 


1.4 


HKTau 


2.4 


3.4 


RW Aur A-BC 


1.4 


2.3 


V826 Tau 


sb 




RW Aur B-C 


0.1 


4.0 


^Spectroscopic (sb) and close binaries not resolved as distinct objects in 2MASS. Results are quoted 



to the nearest 0.1 arcsec (separations) and the nearest 0.1 mag (AK). 



^2MASS data show a K = 12.8 companion with a separation of 2.6". 
^Not resolved at L bv lGramaio et al. I ( l2007h . 



18 



4 


n ^ 


1 1 1 

• 


' 1 ' L 

2MASS 


6 


-1 • 


• • 


- 


8 






• — 


10 


" 


0'- 


- 

• 

• 




• 

*• ^. . - 


• 

• 


12 


i 


• • 


• 

• — 
• 

•• 


14 




> • 

•• 

• 


•• 

• 

• 


16 


1 1 


1 , 1 


, 1 , r 







1 2 


3 4 



J-H 



6 
8 

12 
14 



16 - 



T — ^ — r 

IRAC 



• • • . 



0.0 0.5 1.0 1.5 
[3.6] - [4.5] 



Figure 7 . Infrared color-magnitude diagram for Taurus- Auriga pre-main sequence 
stars. Left panel: Data from 2MASS. TTS lie above and to the right of the ZAMS 
(dark gray line) and the 1 Myr isochrone (light gray line) from Siess et al. (2000). 
Right panel: Data from IRAC. Most TTS have large color excesses relative to the 
few TTS that lie close to the 1 Myr isochrone. 



to years ("Rydg ren et"ai7lll984al : [Herbst et al.ll994l : |Joh ns & B asri|[l995l : lGrosso et al. I 
llbOVa). In X-rays and radio emission, occasional large flares erupt with frequencies 
similar to tho se observed in the Sun, but with luminosities several orders of mag- 
nitude larger (iO 'Neal et al. "l99Cf; 'Phillips etal. "1993', '1996'; 'Feiselson et al. "1994|;_ 
Chiang et al.1ll996 : Carkner et al. 1996, 1997, 1998; Giar dino et al. 2006; Audard et al. 



20071) . 



In addition to their variability and strong emission lines, many T Tauri stars have 
considerable UV continuum emission cortipared to a main sequence stellar photosphere 
with the same spectr al type (iHerbig Ill958l ll960L Il977l : IVarsavskv I[l960l : ISmak Ill964l : 
iRydgren et al. "1976"). Because this 'veiling' is an extra source of continuum emission, 
it fills in stellar absorption lines. Together with analyses of IR excesses, measurements 
of stellar veiling have led to detailed accretion disk models and fairly robust estimates 
of accretion rates from the disk onto the star (Ryd gren et al. 1984b; Rucinski 1985|; 
Kenvon & Hartmann 1987, 1990; Bertout et al. 111988; Basri & Bertout 1989; Bertoutl 
Hartmann & Kenvon 19 9d:lHartigan et al. ll99ll:lGullbring et al. Il998l 



1989; 



20001 : 



Johns-Krull & Valenti 11200 ll ; iHartigan & Kenvon II2003I ; Edwards et al. 



Johns-KruU et al. 
20061) . 



Robust measurements of continuum veiling and rotational modulation of T Tauri 
stars prompted magnetospheric accretion models, where the stellar magnetic field trun- 
cates the disk at 3-5 stellar radii and channels the acc retion flow onto magnetic hqtspots 



19911: ICalvet & Hartmann "1992 



which rotate with th e stellar photosphere ( Koni gl I . . 

Edwards et al. ll993l.[T9 94: Clarke et al. 1995; Ke nvon et al. Il996l: Mahdavi & Kenyon 
]_998';'Muzerolle et al. 1998, 2003; Gullbring et al. 2000; Bouvier et al. 1999; OliveiraetaL 
2000; Beristain et a l. ii2001i: | Bouvier et al. ii2003i ; iSymington et al. 1,2005, : .Eisner et al. 



2005; O'Sullivan et al. 1120051). Magnetic field measurements pro vide some support 



for this picture (iBasri et al. 1 1 19921 : Ijohns-Krufl et al. 1 1 19991 12004|) . This p icture also 



provides physical mechanisms to power stellar jets and Herbig Haro flows (IShu et al. 
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1994 


Kudoh&Shibata 11997: 


Hirose et al. 11997: 


Soker & Reaev 12003 :'KrasnoDolskv et al. 


2003'). and to understand the distribution and evolution of rotational oeriods (Collier Cameron & Camobell 


1993: Yi 1994, 1995: AUain et al. 1996: Krishnamurthi et al. .1997.:.Stassun & TerndruD 




2003: 


Broeg et al. 


2006|: 


Grosso et al. 


2007b|). 





4. Herbig-Haro Flows and Molecular Outflows 



In the 1950's, iHerbig I (Il95lh and lHarol (Il952l . 1953) discovered bright knots of neb- 
ulosity in several star-forming regions. Besides intense H 1 emission lines, the knots 
showed strong emission from [S 11] AA4068, 4076, 6717, 6731; [O 1] AA6300, 6363; 
and [O 11] AA3726, 3729. Sensitive spectra also revealed weak emission from Ca 11 
and [Fe 11]. Although early observations made a clear association of these 'Herbig- 
Haro' (HH) objects with young stars in Ta u rus-Auriga and other molecular clouds 



(iHarol 



(j-lhL) ot)iects yyitn young stars m ia 
1 119531 : iHerbigl 119741 : ISchwartz 111975 



Elias 



19781) . modern data demonstrate 
that HH objects, jets, an d outflows are an important - perhaps necessary - part of low 



mass star formatio n (e.g.. lMundt & Fried lll983l : lMundtet"anil984l : [Strom et al. Ill986l : 
Ballv et al. HIoOtI) . 

Table 6 lists the currently known jets and HH flows in Taurus-Auriga. Most jets 
have been discovered using the optical [O 1], Ha, [N 11] AA 6548, 6583, and [S 11] 
AA 6717, 6731 emission lines (e.g., Gomez et al. 1997; Devine et al 1999a, 1999b). 
In regions of large extinction, near-lR transitions of H2 and [Fe 11] are also important 
dOavis et al. II20021. 120031) . Sensitive imaging surveys covering most of the clouds have 
detected flows associated with the most deeply embedded young stars (e.g., L1551 
IRS5, L1527 IRS, and 1RAS04248-I-2612) and optically visible T Tauri stars with clear 
evidence for a circumstellar disk (e.g., T Tau, DG Tau, and RW Aur). Despite sensitive 
searches, there are no weak emission T Tauri stars with an HH outflow or a jet. Thus, 
these surveys suggest a clear link between accretion and outflows. 

Figure [8] illustrates some of the amazing variety of jets among Taurus-Auriga 
young stars. In HH 30 and other jet sources, the jets typically have opening angles 
of roughly 5 degrees and linear dimensions ranging from a few tens of AU to about 0.2 
pc (e.g., Kepner et al. 1993; Ray et al. 1996; Burrows et al. 1996; Krist et al. 1997, 
1999; Lavalley et al. 1997; Fridlund & Liseau 1998; Stapelfeldt et al. 1999, 2003; 
Dougados et al. 2000; Woitas et al. 2002a,b, 2005; Bacciotti et al. 2002; Pyo et al. 
2003, 2005; Coffey et al. 2004a, b; Hartigan et al. 2004; Fridlund et al. 2005; Mc- 
Groarty et al. 2007). When resolved, the lateral dimensions are ~ 10-20 AU. Jets come 
in two broad classes, nebulous knots of HH objects arranged like 'beads on a string' 
and continuous narrow jets. Few jets are perfectly straight. Many jets curve slightly, 
while others have a wavy or sinusoidal shape. This morphology may indicate that the 
source of the jet wobbles, precesses, or is part of a binary system. Both classes have a 
bipolar (or sometimes unipolar) morphology, with the jet or HH object lying roughly 
along the apparent rotation axis of the circumstellar disk surrounding the T Tauri star. 

Some jets and HH objects have impressive bow shocks, arc-shaped nebulae formed 
as ejected material plows through the molecular cloud. In XZ Tau, HST data show 
a clear expansion of the bubble-like structure surrounding the HH knots (Krist et al. 
1999). Often, the HH objects also show a clear proper motion away from the central 
young star (e.g., Cudworth & Herbig 1979). The expansion velocities derived from the 
proper motions, ~ a few hundred km s^^, typically agree with expansion velocities 
derived from the profiles of the [O 1] and [S 11] emission lines (e.g., Gomez de Castro 
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Figure 8. HST WFPC2/F675W images of XZ Tau (left; Krist et al. 1999) and HH 
30 (right; Buitows et al. 1996). The F675W filter includes the [S II] AA6717,6731, 
Ha A6563, and [O I] A6300 lines. The XZ Tau bubble extends for 800-900 AU 
from the central binary. The HH 30 jet has a length of 1 300-1400 AU from the disk 
midplane. 



1993; Hirth et al. 1994a, 1994b, 1997; Bohm & Solf 1994; Bacciotti et al. 1996; 
Eisloffel & Mundt 1998; Solf & Bohm 1999; Takami et al. 2002; Sun et al. 2003). 

Many HH flows are associated with reflection nebulae. In L1551 IRS5 and many 
other jets, impressive reflection nebulae surround the jet, suggesting that the jet flows 
through a cavity in the surrounding molecular gas. Other TTS have bowl-shaped or 
C-shaped reflection nebulae. In HH 30 (Fig. 8), the beautiful bipolar jet is associated 
with a bipolar bowl-shaped nebula almost perfectly bisected by a dark band of obscur- 
ing material. This image closely resembles the predicted images of illuminated disks 
observed edge-on (Whitney & Hartmann 1992, 1993); the upper half of the nebula is 
the near side of the disk, while the lower half is the far side of the disk. 

In addition to larg e-scale jets, discoverie s of 'microjets' in DG Tau (Kepner et 
al. 1993) and RW Aur ( Bacciotti et al. |[r996l) provide important details on the struc- 
ture and evolution of outflows from young stars. In DG Tau, images with high spatial 
resolution show several knots lying inside an expanding bow sho ck, with structure sim^ 



ilar to XZ Tau but on scales of 1-2 arcsec instead of 5-10 arcsec (ILavallev et al. 11 19971; 
Lavallev-Fouguet et al. 2000; Bacciotti et al. 20 00l;lDougados et al. 120001 ; Takami et al. I 
20021 . 120041 ; iPvo et al. ll2003l ; lGudel et al. II20051 . 120081) . Small wiggles in the iet and the 
spacing and apparent trajectory of the knots suggest a precessing outflow source with 
recurrent ejections on timescales ~ 8 yr. Sophisticated models show that a precess- 
ing jet accounts for the excitation, kinematics, and rnorphology of the emission li nes 
dRaga et al. 11200 ll ; ICerqueira & de Gouveia Dal Pino Il2004l ; iMassaglia et al. 112005b . 
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On the largest scales, continued improvement of large-format optical CCD and 
infrared HgCdTe and InSb cameras enable amazing detections of beautiful new jets 
and many faint and distant components of known jets and HH objects (e.g., Eiroa et al. 
1994; Alten et al. 1997; Gomez et al. 1997; Lucas & Roche 1998; Eisloffel & Mundt 
1998; Aspin & Reipurth 2000; Magakian et al. 2002; McGroarty et al 2007). Imaging 
of giant HH flows often reveals quasi-periodically spaced ejections with impressive 
point symmetry (e.g., Reipurth et al. 1997, 2000; Devine et al 1999a, 1999b; Sun et al. 
2003; McGroarty & Ray 2004; Wang et al. 2004). In IRAS 04248+2612, the sinusoidal 
outflow trajectory resembles the structure in DG Tau, suggesting that precessing jets 
may explain the basic geometry of most jets (Gomez et al. 1997). Because this source 
is a known binary (Padgett et al. 1999), binary motion might also produce a sinusoidal 
outflow. 

The youn g stars in Taiffus-A uriga also drive impressive large-scale mm and cm 
outflows. After ISnell et al. I (|l98tf) discovered the bipolar CO outflo w in LI 5 51 IRS5, 



high v elocity molecular gas was observed around many T Tauri s tars ('Edwards & Snell] 

1982| ;lKutner et al. 1982; Ballv & Lada 1983; Heyer et al. 11987 ; Moriartv-Schieven et al. 



1987, 1992, 1995; Moriartv-Schieven & Wan nier ll991l : lMvers et al. 1198 8: Moriartv- Schieven & Snell 

1988. ; iTerebey et al. iil989i ; iFukui ,,1989. e.g.,). At about the same time. .Cohen et al. 



(119821) detected large-scale ionized outflows associated with 4 young stars in Taurus- 
Auriga. Larger surveys with the VLA continued to reveal ionized outflows associated 
with other T Tauri stars, while more sensitiv e, high r esolution observa tions revealed 



the fine details of the outflows (e.g., Rodrig uez & Ca nto 1983; Biegi ng et al. 1 1 19841 ; 



Schwartz et al. ill986i : iRodrfguez II1994D . 



Modern radio observations concentrate on resolving small-scale structures within 
the outflow, deriving the orientation of the outflow relative to the disk and optical 
jet, and measuring the physical parameters and chemistry of the outflow. In Taurus- 
Auriga, the projected lengths, ~ 0.1-1 pc, and velocities, ~ 10-100 k m s~^, roughly 
span the range observed in HH objects and c ollimated jets (Bachiller & Tafalla II 19991 ; 



Richer et al. Il2000l : lArce & Goodman Il200lh . Outflow rates, ~ 10"^ Mq yr'^ or less. 



are also similar to those derived from optical and near-IR data and comfortably less than 
the typical inflow rates within the molecular cloud (Bontemps et al. 1996) . The radio 
data show that the molecular outflows are much cooler, ~ 20-100 K, than optical jets, 
as expected for molecular gas. These regions have a ri ch chemis try, with an impressive 



array of charged and neutral molecules (e.g.. .Hogerheijde et al. lil998. ; ,SpinogUo et al. 



2000h 



While most protostar s in Taurus-Au riga drive lar ge-scale m olecular o utflows (Ta - 
ble 6; .Hever et al. .119871 : iTerebev et all 1 1989 : Moriartv-Schieven & Wannier 1 1 199 ih . 
only one protostar - 04166-1-2706 - drives a weU-co Uimated, high velocity, bipolar 
molecular outflow ('molecular jet': lTafalla et aini2004 ). This system is similar to other 
molecular jets in Ophiuchus and Perseus, with an outflow velocity of at least 50 km 
s~^ and a high degree of symmetry between the blue- shifted and red-shif ted material. 
Because this system has weak optical [S II] emission toomez et al. Ill997h . deeper op- 
tical and near-IR images might reveal a well-collimated optical jet associated with the 
molecular gas. 



Table 6.: Herbig Haro Flows in Tauras-Auriga 



HH 


Other ID 


a(2000) 


(5(2000) 


Driving Source 


Description CO Outflow? 


References 


362 




4:04:23.0 


26:20:41 


04016+2610? 


small knots yes 


1,2,3,4,5 


361 




4:04:34.9 


26:21:44 


04016+2610? 


small knots 


1,2 


360 




4:04:43.0 


26:19:00 


04016+2610? 


small knots 


1,2 


701 




4:12:16.4 


28:50:15 




knots 


6 


829 




4:14:03.0 


28:25:36 


CWTau 


knot 


7 


828 




4:14:10.3 


28:14:54 


CWTau 


knot 


7 


827 




4:14:15.1 


28:03:55 


CWTau 


knot 


7 


220 


CWTaujet 


4:14:16.9 


28:10:59 


CWTau 


bipolar jet 


7,8,9,10,11 


826 




4:14:17.8 


28:10:40 


CWTau 


knot 


7 




DD Tau Ajet 






DD Tau A 


[O II] jet 


11 


156 


CoKu Tau-1 jet 


4:18 51.5 


28:20:28 


CoKu Tau-1 


bipolar jet 


12,13 


390 


4:19 40.8 


27:15:53 


04166+2706? 


small knot.s yes 


2,14 


391 




4:19 56.3 


27:09:26 


04169+2702? 


small knoLs/HH jet? yes 


2,5,14 


392 




4:20 54.3 


26:59:52 


04181+2655/54? 


small knots yes 


2,5,14 


355 




4:21:43.6 


19:50:42 


T Tauri S 


bipolar HH jet 


15,16 


155 


HH 1555 


4:21:57.1 


19:32:07 


T Tauri 


bipolar jet yes 


5,13,16,17,18,19,20,21,22,23,24,25,26,27,28 


998 




4:21:57.8 


28:26:35.9 


RY Tauri 


small knots/bipolar jet 


30 


255 


Bumham's Nebula 


4:21:59.4 


19:31:56 


T Tauri S 


HHjet 


16,18,19,29 


157 


Haro 6-5B jet 


4:22:00.9 


26:57:38 


Haro 6-5B(FS Tau B) 


HHjet 


13,31,32,33,34,35 


276 


4:22:07.3 


26:57:26 




HHjet 


13,32 


300 


HH300[Fen]jet 


4:25:23.0 


24:23:20 


04239+2436 


HH jet/bow-shock shape knots yes 


2,5,15,36,37,38 


702 


4:26:35.6 


25:57:55 




knots 


6 




DF Tau jet 






DFTau 


[OH] jet 


11 


838 




4:26:56.4 


26:05:58 


DGTauB? 


knot 


7 




Toil R iiat 

ukj idix D jei 


4- 97 -09 n 
'+.Z / .uz.u 


9A.nS-49 
ZD.UJ.'+Z 


Pin T'111 R 


jet 




836 


4:27:13.5 


26:04:16 


DO Tau B 


knot 


1 


839 




4:27:43.8 


26:04:35 


DG Tau B? 


knot 


1 


837 




4:27:44.8 


26:00:49 


DG Tau B 


knot 


1 


158 


DG Tau jet 


4:27:04.6 


26:06:16 


DG Tau 


bipolar jet 


7,10,13,31,38,39,40,42,43,44 


830 


4:27:37.3 


26:12:27 


DG Tau 


knot 


7 


31 




4:28:18.4 


26:17:41 


04248+2612 


jet/knots yes 


2,5,32,45 


410 




4:28:13.0 


24:19:02 


Haro 6- 1 IR comp 


bright knots/bow shock 


46 


184 


Haro 6-10/HH 


4:29:23.6 


24:33:01 


Haro 6-10 IR comp 


compact knot 


2,31,46,47,48 




Haro 6-10 jet 


4:29:24.4 


24:33:02 


Haro 6-10 


small bipolar jet yes 


4,25,46,49,50,28 


412 


4:29:47.9 


24:37:10 


Haro 6-10 IR comp 


diffuse emission 


46 


411 




4:30:16.9 


24:42:42 


Haro 6-10 IR comp 


Ha filament 


46 


414 




4:29:30.3 


24:39:54 


04264+2433 


bipolar jet 


46 


413 




4:29:53.0 


24:38:12 


04264+2433 


bow-shock 


46 


393 




4:30:50.6 


24:41:25 


ZZTau? 


small knot yes 


2,50 



Table 6.: Herbig Haro Flows in Taurus-Auriga (continued) 



HH 


Other ID 


a(2000) 


(5(2000) 


Driving Source 


Description 


CO Outflow? 


References 


256 


GH 1 


4:30:53.2 


17:59:07 


L1551IRS5,HH301RS? 


small faint knots 




51,52,53 


257 


GNG17 


4:31:00.7 


18:00:42 


L1551 IRS 5 


faint knot 




52 


258 


GH2-8 


4:31:04.8 


18:03:32 


L1551 IRS 5 


faint knots 




51 


260 


GNGl 


4:31:27.0 


18:06:55 


L1551 IRS 5 


faint knot 




52,54 


261 


SH 219/220 


4:31:30.0 


18:06:53 


L1551 IRS 5 


knots 




51,52,55,56 


154 


L1551IRS5jet 


4:31:33.8 


18:08:02 


L1551 IRS 5 


short jet 


yes 


5,24,26,27,32,34,38,39,51,52,54,55,57,58,59 














60,6 1 ,62,63,64,65,66,67,68,69,70,7 1 


264 


GNG4 


4:31:18.4 


18:06:16 


L1551 IRS 5? 


knots 




51,52,54,55 


262 


GH 9/10 


4:32:01.1 


18:11:24 


L1551IRS5,L1551NE? 


faint knots 




51,52,53,56 


28 




4:31:07.0 


18:03:23 


L1551 NE 


bright bow shock 




32,45,51,52,53,54,55,72,73 


29 




4:31:27.0 


18:06:23 


L1551 NE 


bright bow shock 




32,45,51,52,53,54,55,72,73 


454 




4:31:42.7 


18:08:19 


L1551 NE 


bipolar HH jet 


yes 


53,74 


259 


SH 229 group 


4:31:14.1 


18:04:02 


L1551 NE? 


knots/HH jet 




51,52,53,55,56 


286 




4:32:41.7 


18:16:36 


L1551 NE?,L1551 IRS 5? 


knot 




53 


265 


GNG 25 


4:31:14.9 


18:11:59 




knot 




52,53 


263 


SH 214, GNG 3 


4:31:23.4 


18:07:48 


HH 30 IRS? 


small knots 




51,52,54,55 


30 




4:31:37.6 


18:12:26 


HH 30 IRS 


bipolar jet 




34,35,40,45,51,53,75,76,77,78,79,80,81,82,83,84 


150 


HLTaujet 


4:31:38.5 


18:13:59 


HLTau 


bipolar jet 


yes 


22,23,24,35,75,76,77,79,84,85,86,87,88 


153 


HLTauHajet 


4:31:39.4 


18:13:39 


HLTau 


Ha jet, [S Iljknot 




75,76 


151 


HL Tau VLA 1 jet 


4:31:39.6 


18:14:08 


HLTau VLA 


bipolar jet 




32,34,35,40,75,76,89 


266 


GNG 24 


4:31:52.3 


18:16:50 


HLTau? 


knot 




52,77,84 


152 


XZ Tau jet 


4:31:40.1 


18:13:58 


XZTau 


bipolar jet 




32,48,75,76,87,90 




Haro 6-13 Ha jet 






Haro 6-13 


unipolar jet 




32 


319 


Haro 6-19 


4:32:41.1 


24:21:46 


FY Tau?,FZ Tau? 


knots 




6,91,92 




T ^7 Ton B l*at 

uzj idu D jei 






TT7 Tin F 


[w ij,UN iij,Loiij jei 




1 1 AS 


394 




4:33:12.3 


22:55:10 


04302+2247? 


HH knots 


yes 


2,5,15 


467 




4:33:32.9 


24:20:27 


GKTau 


Imot/extended emission 




20 


466 




4:33:35.4 


24:21:32 


GKTau 


knots 




20 


468 




4:33:37.6 


24:21:43 


GKTau 


diffuse knot 




20 




HN Tau jet 






HNTau 


[O I],[N II],[Sn] jet 




11,48 


434 




4:34:13.2 


23:09:29 


04325+2402(L1535)? 


knots 


yes 


3,5,93,94,95 


435 




4:34:15.1 


23:08:08 


04325+2402(L1535)? 


bow shock 


yes 


5,93 


436 




4:34:20.3 


23:08:40 


04325+2402(L1535)? 


elongated knot 




93 


703 




4:35:01.9 


23:38:58 




nebula 




6 


230 


DO Tau jet 


4:38:28.6 


26:10:50 


DO Tau 


bipolar knots 




7,9,48 


833 


HV Tau C jet 


4:38:44.0 


26:14:42 


HVTau 


[OI],[SII] jet 




7,41,96,97 


834 




4:39:05.9 


26:03:23 


HV Tau? 


knot 




5 


832 




4:39:02.0 


26:12:21 


DO Tau 


knot 




7 


831 




4:39:13.2 


26:13:48 


DO Tau 


knot 




7 



to 



Table 6.: Herbig Haro Flows in Taurus-Auriga (continued) 



HH Other ID 



0(2000) (5(2000) Driving Source 



Description 



CO Outflow? References 



704 
705 
706 
192 
395 
408 
231 
386 
835 



DPTaujet 
UY Aur jet 



4:38:45.1 
4:39:06.7 
4:39:11.4 
4:39:47.7 
4:40:08.7 
4:41:38.9 
4:42:37.6 
4:51:47.3 
5:07:30.4 



25:18:14 
26:20:30 
25:27:19 
26:03:27 
25:46:44 
25:56:26 
25:15:38 
30:47:15 
30:27:11 



04368+2557? 

04369+2539(IC 2087) 

Haro 6-33 

DPTau 

UY Aur 

RW Aur 



229 RW Aur jet 



5:07:49.5 30:24:07 RW Aur 



knots/nebulae 
nebula 
nebula 
small knot 
small knots 
bipolar knots 
bipolar HH jet 
bipolar microjet 
knot 

bipolar HH jet 



6 
6 
6 

yes 4,5,14,95,98,99 
yes 2,22,28,94 
100 

9,13.48,101 

47,48 

7 

7,10,38,47,48,101,102,103,104,105,106,107 



References: 1-Altenetal. (1997); 2- Gomez et al. (1997): 3- My ers et al. I (119881); 4 - fferebev et al I (119891): 5- iM oriartv-Schieven et al. (1992); 6- Sun et al. 
(l2003l); 7- McGi-oartv & Ray (2004); 8- Gomez de Castro (19931; 9- 'Hirth et al. I (Il994al) ; 10- IPougados et al. (2000); 11- Hartiganetal. (2004); 12- 
iMovsesvan & Magakvan (1990); 13- Eisloffel & Mundt (1998); 14- Bontemps et al Tlll996t) ; 15-[Re ipurth et al. (1997); 16-Solf&Bohm (1999); 17- Schwartz 

1975 1) ; 18-l Buhikeet al. ( 1986); 19- Bohm & Self ( 1994); 20- Asoin & Reipurth (200tf); 21-'Knapp et al. ( 1977); 22- Edwards & Snell ( 1982); 23- Calyet et al. 

1983|) ; 24- lLadallll9 "85); 25- Levreault et al. ( 1988); 26- Cabrit & Bertout (1992); 27- Moriarty-Schieyen et al. ( 1987); 28- Larionoy et al. ( 1999); 29- Burnham. 

1894); 30- St-Onge & Bastien (2008); 31- Mundt et al. ( 1984); 32- Strom et al. ( 1986); 33- Woitas et al. (2002a); 34 - Krist et al. ( 1998); 35- Mundt et al. (1991^ 
36- Reipurth et al. (2000); 37- Arce & Goodman (2001); 38- Dayis et al. (2003); 39- Mundt & Fried (1983); 40- Mundt et al. ( 1987); 41- Layalley et al. (1997); 
42- Kepner et al. ( 1993); 43- Bacciotti et al. (2000); 44- lBaccio tti et al. (2002); 45- Herbig ( 1974); 46- Devine et al. ( 1999a); 47- Elias ( 1978); 48- Hirth e t al.1 

1997) ;' 49- Edwards & Snell (1984); 50- Fukui (1989]); 51- lOraham & Heyer (1990); 52- Garnayich et al. (1992); 53- Deyine et al. (1999b); 54- Dayis et^ZI 
I995I); 55- Stockeetal. (1988); 56- Rodriguez et al. (1989); 57- Fridlund & Liseau (1994); 58- Fridlund & Liseau (1998); 59- Meckel & Staude (1987); 60- 

ICampbell et al. ( 1988); 61- Yamashita & Tamura (1992); 62- Liseau et al. ( 2005); 63- Fridlund et al. (2005); 64- Snell et al. (1980.) ; 65- Bally & Lada , C 19831); 
66- Moriartv-Schieven & Snell ( 1988); 67- Fridlund & White ( 1989); 68- Moriarty-Schieyen & Wannier ( 1991); 69- Rodrigu ez et al I dl995t); 70- iMomose et al. I 

1998) ; 71- Fridlund & Knee ( 1993); 72- .Fridlund et al. . (.1993); 73- Cudwort h & Herbig (1979); 74- Moriarty-Schieyen et al. I (11995V; 75-^Mun dt et al. I (119881) ; 
VeHMundt et al. (1990); 77- Lopez etal. I (119951) ; 78 - iBurrowsl (119961); 79- Ray et al. (1996); 80- Stapelfeldt et al. (1996); 81- Brugel et a l. I (Il981h; "82- 

^ '(iwf); 84- 'Lopez etal.' (199^); 85- Stapelfeldt et al. (1995); 86- Bacciotti & Eisloffel (1999); 87- Torrelles et al~l 
(Il996h; 89- Cohen & Jones ( 1987); 90- Krist et al. ( 1997); 91- Haro ( 1953); 92- Magakian et al. (2002); 93- Wang et al. (2001); 94- 
95-'Tamura et al. ( 1996); 96- Woitas & Leinert (1998); 97- Stassun & Terndrup (2003) 98- IEiroa et al. ( 1994); 99- Chandler et al. ( 1996); 100- 



ICohen & Schmidti (|1981[); 83- iRaga et al. 



Moniii et al 
Heyer et al. '('1987) 
Stapelfeldt et al. (1999); 101- Mundt & Eisloffel ( 1998); 102- H irth et al. 
J2OOI) : 106- ICoffey etal. 1 ( 120041) ; 107- IWoitas et al. I ( 120051) 



■ C 1994b) ; 103- .Bacciotti et al. .1199^ ; 104- rWoitas et al. .(.2002b.) ; 105- ,L6pez-Martin et al 
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Table 7. Molecular Outflows without Detected Jets/HH Objects in Taurus-Auriga 



ID 


Other ID 


a(2000) 


(5(2000) 


References 


Description 


CO Outflow? 


References 






04191+1523 




4:21:58.8 


15:30:20 


1,2,3,4,5,6,7 


04361+2547 


TMR 1 


4:39:13.9 


25:53:21 


8,9,10 


04365+2535 


TMC lA 


4:39:35.0 


25:41:45 


9,10,11,12,13 


04381+2540 




4:41:12.5 


25:46:37 


9,10,11,12 


TMC 2A 




4:31:55.9 


24:32:49 


1,14 


L1529 


TMC 2 


4:32:44.7 


24:25:13 


1,15,16 


L1642 




4:35:02.8 


14:13:57 


17 



1- 'Larionov et al. ' ('1999^; 2- 'Fukui (1989); 3- Andre et al. ('1999); 4- 'Lee et al 
([2002); 5- Belloche et al. (2002); 6- Takakuwa et al. (2003); 7- Lee et al. (20O 
inTerebev et al. ( 1990); 9- Moriai'tv-Schieven et al. ( 1992); 10- Bontemps et al 
199 d) ; 11- lTerebevetal. (^1989); 12- Chandler etal. (1996) ; 13- Tamura etarl 
1990) : 14- iMvers et aLl (1988); 15- iLichtenI 7T982h : 16- Eadal ( Il985h "l7^ 



iLiliest] 



4- IMyers et al 
1 etal. 1 ( 119891) " 



5. Individual Objects of Interest 



5.1. T Tauri 

T Tauri is synonymous with young stars. In addition to serving as the prototype of 
low mass, young variable stars, T Tau has inspired a festival for young filmmakers and 
countless images of space art. Lying in rich nebulosity in the most southern of the 
Taurus-Auriga dark clouds ( Stapel f eldLet al. 1998b), T Tauri has an embedded com- 



panion (TTau_S; Dvck et al. 1119821: ISchwartz et al. Ill984) and a br i ght optical jet (Fig 



1998 ). 



ure | 9l ISchwifftz iil975i : iBiihrke et al. 1119861 : iGorham et al. II1992I : lEisloffel & Mundt 



T Tauri has an ainazing, 150 yr history of bri ghtness variations (e.g. jBaxendell et al. 



19161 : iRvdgren et al. l ll984aVHe rbst et al. II 19941) . The bright optical star, T Tau N, has 



a K-ty pe spectrum and fluctu ates between V = 9 and V = 14 on timescales of months to 
years (iBeck & Simon II2OOII) . There is als o a small (0.01-0.0 3 mag) periodic variation 



in the light curve due to stellar rotation dHerbst et al. 11198 6*). Roughly 100-200 AU 
away, T Tau S is a close binary composed of an intermediate mass star, ^2.1 Mfr, 



and a lower mass pre-main sequence star with a mass of ~ 0.8 Mr;^ (iKoreskol 200C ; 



Duchene et al 
Tamazian .2004.; Puchene et al 



2002, 2005'; Furlan et al. 2003;'Beck et al. '2004';''johnston et al. 



2004 



2006 ; Mayama et al. .2006 ; .Kohler et al. ■2008:.Skemer et al. 



20081) . During 1985-1993, the more massive com ponent of T Tau S brightened by more 



than t wo magnitudes in t he IR and then faded (iGhez et al. 1 119911 ; iKobayashi et al. 



1 19941 ; ISimon et al. 1 1 19961 ; |Beck & Simon "2001'; 'Bec k et al. II2004I) . This behavior is 



reminiscent of FU Ori eruptions (Hartmann & Kenyon Il996l) . 

Multiwave l ength observations of the n ebulosity reveal a complicated structure 



( Saucedo et al. I I2OO3I ; iMayama et alTI l2006l) . The elliptical Burnham's nebula sur- 
rounds T Tau and has an extent of a few arcsec. Hind's nebula (NGC 1555) is an 
arc-shape d reflection nebula 45^^ to the west; Struye's small nebu la (NGC 1554) is 
4' west (iBumham |[l890l ; lBamard II 18951 ; ICurtis lll915l ; lHerb"ig1ll950al) . Recent IR, opti- 
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-3-H 



■ W Yi 



I Id IXi 



Lt^ > -CK -ClIZ 

Figure 9. The T Tauri binary. Upper panel: 10"x 10" optical image (C. & F. 
Roddier). T Tau N is the saturated point source surrounded by a dark halo. T Tau S 
is the fuzzy source due s outh. At PA = 31 5° from T Tau, the slightly elongated blob 
is a bright radio source dRav et al. Ill997h . Two collimated jets appear to emanate 
from T Tau N, one with PA « 45° and 225° and another with PA w 270°. The bright 
spike at PA w 270° points to Hind's nebula, ~ 45" to the west. Lower panel: Motion 
of the T Tau S binary from Mayama et al. (2006). T Tau Sa and T Tau Sb appear 
to form a bound pa ir; the VLA source is probably not bound to this pair (see also 
lKohleretal.1l2()08h . 
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cal, and UV data show a patchy structure , with an optical extinct i on of roughly 1-2 mag 
to T Tau N and ~ 15^0 mag to T Tau S (Kobayas hi et al. II 19971 : Ivan den Ancker et al 



19991 : iBeck et aiTlbOOll : ISaucedo et al. 20 03). A lthough early spectra hinted at emis- 



sion lines in Bumham's nebula, iHerbig I (Il950ar) first showed convincingly that the 
lines are intrinsic to the nebula. Deeper optical spectra e xtended this study and demon- 
strated the lines are f ormed in shocked gas dSolf et al. . ,1988, : Bohm & Solf , ,19941 : 
van den Ancker et al. ][i999). 



Both T Tai l N and T Tau S are bright radio sources iSchwartz et al. "1984' '198 6|: 
Rav et al. 1 1997) and driv e powerful stellar winds dJohnston et al. . 2003 . 2004: Loinard et al. 



2007al : iBeck et al. Il2008h . T Tau S also has a fairly bright H2O maser (iFuruya et al. 



20031) . A third bright radio source roughly midway between the two stars is visible as a 



fuzzy blob in the optical image (Figure |9ll. A bright nonthermal radio so urce associated 



with T Tau S provides an excellent distance estimate of 147.6 ± 0.6 pc (iLoinard et al. 



I2OO5L 12007b'). This emission probes the structure of t he magnetosphere and inner disk 



2007al) . 



around the brighter component of the T Tau S binary (iLoinard et al. 

Both T Tau N and T Tau S eject jets. The jet in T Tau N was first detected on 
photographs from the 1940s and 1950s ( Herbig Ill950ah . Many s pectroscopic and imag- 
ing studies identify shocked gas along the well-coUimated jet (Schwartz " 1 9741 1975 



Iphm & Solf 1994, 1999; Burnham 1894; Eisloffel & Mundt 1998; Walter etal. 1120031) . 
The brightest part of this jet lies along PA « 270° and extends for at least 30", which 
is ~ 5000 AU at 140 pc. A much fainter counter-jet lies along PA ^ 90°. The 
kin ematics of this weak flow are consistent with kinematics of the brighter western 

jet (lBohm& Solf II 19991) . 

T Tau S drives a remarkable jet dReipurth et al. Ill997l : lwalter et al. II2003I) . Close 
to the star, a broad, rn ulticomponent bipolar jet (HH 255) hes along an axis with PA 

« 0°ifc30° (ISolf etal. 1 11988). The jet has a l ength of several arcsec, w i th a blueshifted 

southern lobe and a redshifted northern lobe (Bohm & Solf I1994I 1997l[T999l : l0uirrenbach & Zinnecker 
[1997) . At much larger distances, Reipurth et al. (J997) identified a 'giant' HH flow 
(HH 355) with similar kinematics. For a distance of 140 pc, the HH 355 bipolar flow 
has a projected length of 1.6 pc. 

Circumstellar disks play an important role in the geo metry of the jets. T Tau S 



has an extensive dusty disk with a ma ss of ~ 0.04 Mq dHogerheijde et al. Ill997bl : 



Akeson et al. II1998I : [Walter et al. II2003I) . M aterial from th is disk pro bably drives the 



T Tau S jet and the large molecular o utflow dEdwards & Snell ,19821 : iLevreault et al 



19881 : iMoriarty-Schieven et al. II1992I) . In T Tau N, 3D radiative transfer calculations 
suggest that the rotational a xis of the dusty disk is tilted by ~ 20° r elative to the rota- 
tional axis in T Tau S (Wood et al. 11200 iHAkeson et al. Il2002ll2005l) . 



5.2. L1551 IRS 5 



LI 551 IRS 5 is the iconic bipola r outflow sou r ce. Although ISharpless I ( 19591) originally 



identified it as an H II region, I Strom et al. I ( 19741 1 19761) showed that the object is a 
very red young star illuminating a reflection nebula. More sensitive, multi-wavelength 
data demonstrate that the 0.5-1 pc long outflow has several components. Bright optical 
and near-IR jets are surrounded by a well-collimated molecular out flow embedded in 
a magnificent reflection nebula (fen eU et al. 1980; Snell & Schloerb1 [l985l : ISneU et'al' 



19851 : iDraper et al. lll985l : IScarrottHl988D . The flow contains many HH objects and is a 



primary testing ground for theories of jet formation and evolution. 
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mgrit Awartaldn iJ2DQlKi 



Figure 10. [S II] image of L1551 IRS5 with contours of 850 fim emission over- 
laid (Moriarty-Schieven et al. 2006). The contour levels are 0.02, 0.04, 0.08, 0.16, 
0.32, 0.64, 1.28, and 2.56 Jy beam^i. 



A relatively inconspicuous close binary drives the outflows in L155 1 I RS5 dBieging & Cohen 



19851 : iLoonev et al.1l 19971 : iRodriguez etXll 19981 : iRodriguez et"ani2003h . The binary 



has a projected separation of 45 AU, yielding a rough orbital period of 300 yr. Both 
stars are bright radio sources at mm and cm wavelengths, with thermal emission from 
circumstellar disks and free-free emission from the jets and stellar winds. The disks lie 
in an extended envelope that dominates the far-IR and submm flux ("Beichman & Harris " 



[l981 : Davidson & Jaffe 1984; Emerson etal. 1984 : Edwards et al. 1986). The spec- 
tral energy distribution of scattered optical and near-IR light and thermal far-IR and 
submm flux indicate that the extende d envelo pe is falling in to the c entral object at a rate 
~3-10 X 10~^M(T, yr~^ (e.g. .Kenvon et al. |[l993a : Butner et al. | [l994,: .Whitnev et al. 



19971 : iQsorio et al. II2003I : iGramaio et al. 1120071) . 



The structure of the IRS5 jet is remarkable (Figure [TOl). The flow consists of a 
short jet (HH 154) and numerous faint knots and bow shocks (HH 28, HH 29, HH 256, 
HH 257, HH 259, HH 260, HH 261, HH 262, HH 264, HH 265, HH 286, and HH 454 



Mundt& Fried 111 98 3: Stro m et al. 111 986: Stocke et al. 1988; Graham & Heyer 1990 
Gamavich et al. 'T992,; .Davis etal. 1 11995. : .Hodapp & Ladd ■ .1995. : .Krist et al. , ,1998 



Lopez et al. 1998). Both binary components appear to drive out flows, which inter 



act and merge to form the majestic large-scale outflow structure (Fridlund &Liseau 



19981 : iDevine et al.1ll999bl : iHartigan et ani2000l : IRodriguez et"aL 



2003). Some knots 



and bow shocks are associated with the nearby young stars L1551NE and HH30 IRS 

(iHerbig 1974: Emerso n et al. ll984l : IStrom et al. ll9"8a : lGraham & Hever ll990l : lGamavich et al. 
[l992 : iDevine et al. iil999bl) . Because there are at least three interacting HH flows. 
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the kinematics of the region is comp licated, with some indication for twisted je ts and 
other distortions (iNeckel & Staude 1987'; 'Campbell et al. "1988'; 'Stocke et al. II1988L 



Yamashita & Tamura 1992: Fridlund & Liseau 1994. 1998; Itoh_etal,_ 2000; FridlundetaL 



20051 ; iLiseau et al. Il2005r) . The HH objects require several velocity components rang- 



ing from slow speeds of tens of km s ^ up to veloc ities of 30 or more km s ^ 
(IStocke et al. I [l988: ilartigan et al. I l2000l: iReipurth et al. 2000 : f avata et al. I l2002l : 
Pvo et al. ll200ll2005l : lBallv et al. II2003I : iDavis et al. Il2003h . 



I n addition to the jet, L1551 IRS5 has a large-scale rnolecular outflow ('Snell et al 



1980| : lBallv & Ladall983l:lMoriartv-Schieven et al. II 19871:18 argent et al. kl988: Pound & Ballv 



19911: iMoriartv-Schieven et al. 1 119921: iFri dlund & Knee 111993]: iBachiller et al. 1119941 : 
Fuller et al. II 19951 : iLadd et al. II 19951 : iPlainbeck & Snell II 19951 : lYokosawa et al. ll2003h . 



The outflow is clumpy, with significant small-scale structure, and a fast component in 



H I (iGiovanardi et al. 
the infall rate tohashi 



etal. 



200C ). The outflow rate of 



10~ Mq yr^ is comparable to 

19961 : ISaito et al. |[l99 6). Many of the small-scale features 
are associated with similar structures in the jet and the HH objects. As in the optical 
HH objects, the molecular gas show s evidence for shocks, including X-ray emission 



MM obiect s, tne molecular gas snows eviaence tor snoc Ks, mciuoing A-ray 
(iRudolph II 19921 : iBarsonv etafll 19931 : iFavata et al. II2002I : iBallv et al. Il2003h . 



The jet is embedded in an impressiye inf a lling cloud of rnolecul ar gas ('Lav et aL 



19941: iQhashi et al.1 1 19961 : ISaito et al. 1 1 19961 : iMomose et all 1 1998) : |Takakuwa et al" 



20041) . The kinematics of the gas indicates infalling material with a central mass of 
~ 0.1-0.15 Mf.^, consistent with the mass estimate derived from the optical luminos- 
ity (K enyon 199 9) but much smaller than estimated from the binary orbit, ~ 1.2 Mq 
(iRodriguez et al. 112003b . The infall rate is~5xl0^^ Mq yr~^, consistent with rates 
derived from the spectral energy distribution. 

A striking reflection nebula yields additional information about the central object, 
the outflowing jet, and the infalling gas. Optical spectra indicate that at least one com- 
ponent of the central binary is an FU Ori object ("Mundt et al. II 19851 : ICarr et alTIl 19871 : 
IStocke et al. .1988; Sand ell & Weintraub 2001). N ear-IR data show that this compo- 
nent is variable on short timescales dLiu et all 19961) . The nebulae is highly polarized, 
p 15%-20% at JHK , with vectors perpendicular to the outflow axis cLucas & RocheJ 
19961 : IWhitnev et al. 1 [l997) . These data demonstrate that the nebula marks the bound- 



ary of a cavity produced where the jet flows out through the collapsing cloud. 

L1551 IRS5 provides excellent tests for numerical models of star formation. In 
the current picture, gas in a molecular cloud core collapses into a star -i- disk sys- 
tem, where the central star slowly grows from material transported inward by the 
disk. Calculations of the collapse yield predicted images and spectral e nergy distribu- 
tions for co mparison with observations (e.g., Adams & Shu .,1986, : Adams et al. |[T987l : 
Adams & S hu 1988). In L1551 IRS5, models with a flattened infalling envelope sur- 



rounding a pair of circumst ellar disks account for the images , polariza tion maps, and 
spectral e nergy distribution (IStrom et al. II 19851: Butner et al. ""1991: Keene &Masson 
[1990 : Kenvon et al. lll993al Jb[ ]white et al. bOOOmsorio et al. 2003^ 



5.3. RW Aurigae 

Discovered as an irr egular variable ("Ceraski "1906') wit h an optical c ompanion at a sepa 
ration of 1.5 arcsec (jjov & van Biesbroeck il9 44; Ghez et al. ll993iri997i:iWhite & Ghez 
20011) . RW Aur may be a spectroscopic binary (Gahm et al. ll99' 



Petrov et al. 11200 ll) . 



In addition to the strong red continuum of a typical T Tauri star, the system has a st rong 
UV continuum, hundreds of strong emission lines, and a prominent near-IR excess dJoy 
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Figure 1 1 . Optical spectrum of RW Aurigae from iKenvon et al.1 ([T998h . The 
spectrum shows a strong red continuum from a late-type star along with a weak blue 
continuum and strong emission lines from a hotter, optically thick source. Aside 
from the strong H I Balmer lines, the spectrum contains emission from [O I], [S II], 
Fell, and [Fell]. 



119451 : lHerbig1ll945l : iMendoza II1966I : Iciass & Penston]|l974l : [Shanin]|l979h . Because 
absorption lines from the underlying star are difficult to detect on most spectra, RW 
Aur and other T Tauri stars with similar spectra are often called 'continuum + emis- 
sion' stars. 

RW Aur is among the most active T Tauri stars. The optical continuum and strong 
line spectrum (Figure fTTI) vary irregularly on timescales of hours to mo nths; there is a 
small amplitude variation with an underlying periodicity of 2.6-2.8 days (Herbia 'l945|; 
Gahm 1970 : Appenzeller et al. J983 : Ivanov a 1993 : Gahmetal. 1999 : Petrov et all 



20011) . As the system brightens, the optical and near-IR colors become bluer; as the 



system fades, the colors become redder. Together with analyses of the optical spectrum, 
this behavior indicates a high accretion rate from the disk onto the central star. 

The spectrum of RW Aurigae is distinct from most T Tauri stars. At low resolution, 
the absorption lines are almost completely veiled by a strong, blue continuum and many 
emission lines. At higher spectral resolution, the line ratios of temperature sensitive 
absorption lines imply a K7 or MO spe ctral type, much coo l er tha n the middle G spectral 



type estimated from early spectra (Hart igan et al. |[l989l Il99ll) . In the UV, a strong 



Balmer continuum demonstr ates that dense gas with a temperature of rough ly 10,000 
K produces the blue excess ( Imhoff & Giampapa Ill980l : lErrico et al. Il2000l) . Strong 
line emission from [C IV] and H2 indicates a wide rang e of temperatures. 



R W Aur also has a remarka ble bipolar jet (HH 229 ; 'Bacciotti e t al. ll996l :'Woitas et al. I 

et alj 



2002b|.l2005l:lL6 pez-]VIartm et al. l2003l:lG6mez de Cas tro & Verdugoj200l!Alencar i 



2005 



Pyo et al. II2006I: iBeck et al. Il2008h . The data indicate a well-collimated outflow 



from a small inner region of the disk, with variations on timescales of months to years. 
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The jet may rotate close to the star, with high velocities in the C III] and Si III] lines 
suggestive of a rotating belt or ring close to the staiQ. At larger distances, the blue 
and red lobes of the outflow appear to have different helicities, as predicted by MHD 
theories. It is not clear whether changes in the jet are associated with fluctuations in 
the brightness of the underlying star and disk. With some evidence for a 20 yr period 
in the outflow rate, searches for similar timescales in the optical source might provide 
additional tests of jet models. 

The structure of molecular gas around RW Aur is also interesting. RW Aur A lies 
within a small molecular disk (40-60 AU radius; disk mass ~ 3 x 10^^, Andrews & 
Williams 2005) i n Keplerian rotation about the central star and oriented perpendicular 
to the bipolar jet (" Cabrit et al. Il2006h . RW Aur B is within an asymmetric clump of gas 
connected to the RW Aur A disk by a 600 AU arm of material between the two stars. 
Cabrit et al. I (|2006|) interpret this arm of gas as a tidal tail resulting from the orbital 
interaction of RW Aur A and B. 



5.4. RY Tauri 



RY T au is embedded in an impressive reflection nebula (iHerbig 11196 ll : iPetrov et al. 



19991) . The central star and the nebula are variable on hour to year timescales. Although 



emission lines from the nebula have been observed on several o ccasions, recent obser- 
vations demonstrate a 3l"(~ 4500 AU) jet in Ha dSt-Qnge &' Bastien 2008, see also 
Gomez de Castro & Verdugo 2007). The orientation of the jet on the sky is roughly 
perpendicular to the plane of the disk derived from polarization measurements. The 
young dynamical age of the jet system, short timescale optical variability, and strong 
intercombination emission lines suggest that this system might yield interesting clues 



concerning the structure of jets and the inner accretion disk (see also ISchegerer et al. 
I2OO8). 

The continuum and emission lines in RY Tau vary on timescales of hours to 
months with no obv ious periodicity (Figure [T2l 'Pragomiretskaia & Tsessevich "1971 
Zaitseva et al. Il974: Z aitseva & Kurochkin 1980;Z aitseva 1982 ; Zaitseva et al. 19851 



LU 



Herbst & Stin ell984l:TH oltzman et al. ll986l:fismailov & Rustamov tT987l : IChugainov et al 



1991i : iVrba et al. lll993l : IBeck & Simon "2001"). On long timescales, the star usually be- 



comes bluer when brighter and redder when fainter. Although the equivalent width of 
the Ha emission hne often increases as the star fades, the absolute Ha flux declines. 
When the star is faint, large flares on hour timescales aie common. The flares have 
blue colors, which requires a hot source. Occasionally, the star becomes bluer when it 
brightens and redder when it fades, indicating that variable extinction along the line of 
sight causes some fluctuations. 

RY Tau is polarized, p ~ 2%-3%, with variations on timescales sirnilar to the fluc - 
tuations in the optical continuum level ( Vardanianll 1 964l : [Efimov II 1 980l : IB astien 1ll982h . 
The magnitude of the polarization shows t hat the nebula part ially obscures the central 
star. From high quality spectropolarimetry. I Vink et al. I ( 2003]) sug gest that much of the 
Ha e mission is scattered off a rotating circumstellar disk (see also iKoemer & SargenF 
19951) . 



Coffey et al. (2007) describe evidence for rotation in tlie micro-jet of DG Tau. 
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Figure 12. Optic al light curve of RY Tauri using data from the literature 
(iHerbst et al. 1 19941) . The brightness and color vary irregularly on various timescales. 



5.5. DR Tauri 



DR Tauri is another 'continuum + emission' T Tauri star with a rich emission line spec- 
trum. It is a member of the small group of 'EXors,' T T auri stars that have brightened 
by 2-4 mag and remained bright for months to decades (IHerbig |[l989l) . As in most T 
Tauri stars, there is a strong UV excess from Balmer continuum emission and a large 
IR excess from material in the disk (Ciucnlhcr & l lcssman 1993; Kenyon et al. 199j; 
Skrutskie et 1171119961 : iHessman & Guenther ill997h . 



The recent outburst of DR Tau is the slowest-developing of the EXor class. Prior 
to 1960, the star maintained B ^ U for ~ 30 yr ( Chavarria-K. 1979 ; Gotz 1980a .bl; 
Kurochkin1ll980l) . From 1960-80, the star brightened by ~ 3.5 mag. As the system 



brightened, the colors became bluer. Since 1980, the star has remained bright with no 
evidence for fading as in some FUors. 

The spectrum of DR Tau is highly variable. The emission lines and blue contin- 
iium ha ve night to night variation s of 0.5 m ag and smaller variati ons on hour timescales 
dBertout et al. il977,;.Kr autter & Bastian ' l98Q;,Ko lotilov 1987;'ApDen zeller et al. 11988 



Guenther & Hessman 1 11993; Kenyon et al. Hessman & Guenther Il997h . There 



is some evidence for 5 day and 10 day periodicities in the continuum and the lines. 
These varia tions may reflect the underlying stella r rotation period. The IR continuum 
also varies dKenvon et al. I I 19941 : ISkrutskie et al. 1 ^996). suggesting strong correlations 
in activity between the hot source and the cool source. 

Because the variations in the Unes and continuum are so well-correlated, DR 
Tau is one of the best examples of mag netosph eric accretion among T Tauri stars 
jGuenther & Hessman 1993; Kenvo n et al. ll994l;lHessman & Guenther lll997l ; ISmith et al. 
[l997i.il999i ; iBeristain et al. iil998i ; iMahdavi & Kenyon Ill998l) . In this picture, a circum- 
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stellar disk produces the strong IR excess; changes in disk luminosity produce varia- 
tions in the magnitude of the excess. A strong magnetic field truncates the disk several 
stellar radii above the stellar photosphere and channels material onto the star. Mate- 
rial in the stream is heated from roughly 1000 K (the temperature of the inner disk) to 
roughly 10,000 K. Shocked gas where the stream hits the star produces a wide range 
of emission lines. The large tilt of the magnetic axis with respect to the rotation axis 
produces variations in the UV continuum and line emission, including the apparent oc- 
cultation of material in the stream or in the shock as these structures rotate behind the 
stellar photosphere. 

Although a jet has no t been discovered in PR Tau, the hne profiles show evidence 
for accretion and outflow (Appe nzeller et al.1l 19801 : lAlencar et al. Il200"ll : lArdila et al. 



2002h . Deep nanow-band images might reveal whether the system has a jet. 



5.6. HL Tauri 



HL Tauri is a remarkable T Tauri star in a complex region of star formation. In 
the early 1980's, near-IR and mid-IR observation s suggested an edge-on circumstellar 



disk surrounding a hig hly variable T Tauri star ( Cohen Ill983l : IGrasdalen et al. Ill984l : 



disk surroundins 


I a hie 


Beckwith et al. 


19861). 



High resolution radio observations supported this interpreta- 



tion; later observati ons indicated the disk lies at the center of a large-scale molecular 
inflow and outflow (Sar gent & Bec kwith II 198 71; iBeckwi th et al. |[T989l; IGr asdalen et al. I 
1989; Monin et al. 198 9);ISargenT & Beckwit h 1 199ll;lRo drfgue z et al. 1 19 92; Ha vashi et al. 



19971 : ICabrit et al. 1 1 19961 : IWilner et al. 1 1 19961: iBrittain et al. 



1993 1: iLavetal. 111994 
2005^). The disk is geometrically flared and massive, with a radial temperature gra- 
dient close to that predicted by theory. 

H L Tau is heavily embedded within an impressive C-shaped reflection nebula (Fig- 
weJTdl IStapelfeldt etaTIl 19951 : IWeintraub et ainil995l : IClose et al. IIT997I : IWelch et al. 
I2000ir On large scales, this nebula merges with nebulosity surrounding XZ Tau. In 
HL Tau, the star and the nebula are variab le and highly polarize d , indicating that 



the star is observed only in refl ected light ('Weintraub etal. II 19951 : iLiuetal. I[l99^ : 



IWhitney et al. II1997I : iLucas et al. 2004). Optical and near-IR spectra show a heav- 
ily veiled, K7- M0 spectral type, wi t h strong em i ssion f rom H I and various metal 



Mc lines (e.g. 



iKenvon et al. 



pe, witl 
Cohen &Kuhi1 1 19791 : 
1998h . 



Can- 1 119891 . 1 19901 : iKenvon & Hartmann 1 1 19951 : 



In addition to the ne bula, HL Tau drives a bright optical jet (RH 150) and an ener- 
getic molecular outflow ("Mundt & Fried 1983; Cohen & Jones 1987; Torrelles et alj 
19871: iMundt et al .,1987. 1988. .1990: Magakvan et al. 1989: Rodriguez et al. 1991 : 
Monin et al. lll996l : lMundv et al. II 19961 : iLopez et al. lll99Hl996h . This region has ad- 
ditional outflows from HH30 IRS, XZ Tau, and the optically invisible object HL Ta u 
VLA-1 northeast of HL Tau (Mu ndt et al. .1987. . . 198&.. 1991. ; Movsessian et al. Il2007h . 
which has complicated interpretations of the jet structure and driving mechanism. The 
neaiby late-type T Tauri star LkHa 358 does not appear to drive an outflow, but deeper 
images might reveal more structure in this fascinating region. 

Close to the star, there is a well-coUimated rn icro-jet in [Fe II] with clear bipolar 
morphology dPyo et al. II2006I : iTakami et a l. "2007 ). Both c omponents of the micro-jet 
lie within bubbles of H2 emission (see also Beck e t al. Il20()8i) . The length of the micro- 
jet, '--'150 AU, is comparable to the diameter of the bubble. The NE H2 bubble lies 
within the scattered light emission in Figure [T3] ). The much fainter SW component 
may lie within a much fainter bubble with similar structure. 
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Figure 13. Image of HL Tauri in the I, J, and H filters from lClose et al. I (Il997h . 
The image is roughly 6" on a side. Blue colors (1) trace material close to the outflow 
cavity; green colors (J) trace material in the disk and infalling envelope; red colors 
(H) trace scattered emission from the star and highly reddened light in the disk. 



5.7. Haro 6-10 



Haro 6-10 is a rela t ively nondescript young binary star driving a re markable giant HH 
flow. After iHarol ( 1953b discovered the Haro 6-10 emission knot, lElias I (1978) de- 
tected a bright source with an IR excess at the base of a s mall fan -shaped nebul a. The 
centr a l binary has a separa t ion of ^ 1.2 arcsec (.Leinert & Haaslll989: Menard et al. 



19931 : iKoreskoetaLll 19991 : IWhite & Ghez Il200ll: iDuchene et al. 



(Haro 6-10 S) has a l ate spectral type (iGoodrich lll986l : ICarr II 19901 : iHerbst et al. Ill995b 



20041). The p rimary 



and may be a binary dReipurth et al. Il2004^ : the secondary (Haro 6-10 N) may be a con 
tinuum -i- emission star. The system also has a large far-IR excess and lies embedde d 
in a dense envelope in a small ammonia core (lAndada et al. II 19891 : ISato et al. l[T990h . 
Haro 6-10 N appears to produce most of the far-IR excess. 

The Haro 6-10 outflow c onsists of several small jets, a few HH knots, and a giant 

outflow with a l ength of 1.6 pc (IStrom et al. ll986l : lDevine et al. Il999al : iMovsessian & Magakian 
[1999 : ,Reipurth et al. 112004 ). The original HH 184 is composed of a small set of knots 
subtending a wide opening angle. These knots are probably part of two independent 
flows ejected by each component of the bina ry. On small scales, Har o 6-10 S drives 
an optical jet (iMovsessian & Magakian |[l999l ) and a compact radio jet flReipurth et al. I 
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20041) . On large scales, HH 410 and HH 411 mark the ends of the outflow. A few 
other knots, includin g HH 412, lie between the binary and the end of the outflow 



(iDevine et al. Ill999ar) . 



Haro 6-10 is also an active mm and submm radio source. The system has a large- 
scale molecular outflow that is roughly aligned along the direction of the optical outflow 
(Fferebey et al. 1989 : Devine et al. . 1999a : Stojimirovic et al. 2007). Strong extended 
subm m continuum emission from Haro 6-10 lies perpendicular to the outflow direc- 
tion dChandler et al. 1 1 19981 : iMotte & Andrei l200l[) . There is some indi cation that the 
extended envelope is still infalling into the disk of Haro 6-10 (Chandler et al. Ill99 8). 

Like T Tau and L1551 IRS5 , the Haro 6-10 binary varies significantly at near-IR 
wavelengths dLeinert et al. Il200l1) . Some of the variations - including changes in the 
equivalent width of the 3.1 //m ice absorption band - are consistent with fluctuations 
in the line-of-sight extinction. However, some variations are probably associated with 
the binary components. Long-term monitoring of near-IR variability in the brightest 
Taurus-Auriga sources would provide a context for interpreting the variations in the 
more famous sources such as T Tau, L1551 IRS5, and Haro 6-10. 

5.8. IC 2087 



Located in the so-call ed Taurus Molecular Ring (TM R: e.g.. ISchloerb & Snell II1984I : 
Cemicharo & Guelin | [T987: Terebev et al. 1990; Toth etalJ|2004j), IC 2087 is a small. 



bright reflec tion neb ula (Hodapp 1994) embedded in a dense ammonia core associated 
with L1534 dBenson & Myers .,1989|). see Fig .[T4l The bow- shaped nebula surrounds a 
very red T Ta uri star (IC 2087 IR S; |AllenjlIg72; Ehas Jl978|), associated with a molec- 



ular outflow dHeyer et al. 1 1 19871) . The source is a b right IRAS source, with a Class 



II mid-IR to far-IR spectral energy distribution (.Beichman et al. I Il986l : iHarris et^ 



[l988; Benilli et al. 1989)- Although initial work assigned an early B spectral type to 
the star, more recent spectra and the integrated luminosity suggest a h ighly reddened 
K4 PMS star dKenvon & Hartmann |[T995l : IWhite & Hillenbrand 112004ft . The K4 spec- 
trum is heavily veiled, with strong Ha and Ca II emission but no obvious forbidden 
lines. 

In addition to driving the molecular outflow, the central TTS is linked to two HH 
knots well outside the main body of the reflection nebula (HH 395 A and HH 395B; 



Gomez et al. 1119971) . The knots are bright in [S II] but are not visible in H2. A line 



connecting the two knots points bac k to a small indentati on in the highly polarized 
reflection nebula (~ 2%-4% at JHK: iTamura & Sato .19891 : IWhitnev et al. I[l997) and 
the bright IR source. 

The line-of-sight towards IC 2 087 has bee n a popular lab oratory for studying ice 
formation in molecular clouds (e.g. ISato et al. II199Q: T ielens et al. 1ll99l':IChiar etal. ' 



1995 



Brooke et al. 119961 : Bowev et al. 119981 : Teixeira & Emerson 1999; Shupin g et al. 



20011) . As in other regions of Taurus-Auriga, H2O ices and CO/CO2 ices are detected 
along various sightlines through the cloud. The data indicate that the optical depth 
towards the TTS is larger than the optical depth through the cloud, which requires ad- 
ditional absorbing material along the sightline to the IR source. 

5.9. VY Tau 



VY Tau is an exceptional PMS star in the Taurus-Auriga dark clouds. The star is a 
close binary with a projected angular separation of 0.66" and approximate 
masses of 0.6 Mq and 0.25 M© (e.g.. IWhite & Ghez II2OOII : IWoitas et"ar 
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Figure 14. Optical image of IC 2087 and surroundings (courtesy Thomas V. 
Davis). The image is roughly 1 degree on a side; north is up and east is to the left. 
A heavily reddened T Tauri star (IC 2087 IRS) and HH 395 he within the bright re- 
flection nebula at the center of this image. The dark areas are regions of high extinc- 
tion within the B22 and L1527 dark clouds. Several protostars - 1RAS04361H-2547, 
1RAS04365H-2535, and L1527 IRS - and at least one HH object - HH 192 - he 
within the small dark clouds north and west of IC 2087. The bright pair of nebulous 
stars in the SE corner is a small group of binary T Tauri stars (V955 Tau, LkHa 
332/Gl, and LkHa 332/G2). The bright set of nebulous stars in the NW corner is 
another group of T Tauri stars (DO Tau, GM Tau, and the HV Tau triple system). 
These stars power several HH objects, including HH 230 and HH 831-834. Other 
fainter T Tauri stars and HH objects are scattered across the field. 



primary star has an MO spe ctral type and is not veiled (|Hartmann & Kenyon 1 1 19901 : 



Shiba et al. 1993; Valenti et al. 19931 ). The system has no IR excess and is not a mm 
source (Kenyon & Hartmann 1995; Osterloh & B eckwith Ill995n . However, the system 
is a bright X- ray source (Neuhauser et al. . J995i) . with a modest rotational velocity of 
~ 10 km s-i dHartmann & Stauffer Ill989l) . 

Unusual optical variability and spectrosc opic activity distinguish VY Tau from 



Unusual optical variability and spectrosc opic activity distinguisii V Y lau trorr 
other classical and weak-emission T Tau ri stars ("Meinunger " 1 9691. 1 1 97 iL [T980l ; iHerbig 



19771 . i 1990; Herbst etal. Ill983l ; IStonel [T983; Rydgren et al. 1984arDuring decade- 



long periods of inactivity, the star is relatively faint, B « 15, and the MO absorption 
spectrum is conspicuous. The star then displays a fairly prominent 5.37 day period 
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in its opt ical light curve, whi ch is consistent with its expected radius and rotational 
velocity feouvier et al. |[l99 5^). During occasional active periods of 1-2 yr, the star 
brightens to B = 11-12 and develops an impressive emission spectrum with bright, low 
excitation lines from Fe I, Si I, Mg I. Although higher excitation lines from Fe II and 
the H I Balmer series are often present, they are weak. Both sets of features seem to 
vary at rough l y con stant equivalent width as the star varies between B = 1 1-14. 



Herbig I ( 19901) discussed several possible interpretations for the origin of the ac- 



tivity in VY Tau. With the discovery of a close companion, the two binary hypotheses 
currently seem most worthy of further study. If the fainter component of the system is 
surrounded by an optically thick ring or disk of dust, active periods might occur when 
the optical depth in the dust declined. Although close approaches of the two stars might 
induce active periods, the wide separation - ~ 90 AU - probably precludes activity cy- 
cles with recurrence times of 1-2 decades. If deep mid-IR and submm studies of this 
system detect evidence for emission from a dusty ring or disk, detailed study of this 
emission might reveal clues to the origin of the amazing line spectrum. 



5.10. L1527 IRS 



Lying within a dense ammonia core ( Benson & Myers Ill989h . L1527 IR S is the most 



deeply embed ded protostellar source in the Taurus-Aurig a dark clouds (e.g. Kenvon et aL 



199Q . 1993a. b:'Andre et al. "l993':'Kenv on & Hartmann ■1995. : ,Chini et al. ■200L : .Whitnev et al 



19971 : Hartmann et al. 2005; Furlan et al. 1 120081) . Several groups have classified this 



system as a Class sour ce, implying that it l ies at an earlier evo lutionary stage than typ- 
ical Class I sources (e.g.. lAndre et al. ll993l : IChini et al. Il200ll) . Detection o f C4H~ and 
other carbo n-chain mo lecule s suggests the nebula has interesting chemistr y dSakai et al. 



120071 : lAgilndez et al. I l2008l : ISakai et al. I l2008alJbll3 : iHassel et al. I l2008l) . Despite its 
relatively low luminosity of ~ 1 Lq, the central young binary star drives a wide-angle 
molecular outflow, illuminates an enormous variable, bipolar reflection nebula, and 
powers a fascinating set of HH objects, HH 192. 

At optical and near-IR wavelengths, LI 527 IRS displays an almost perfectly sym- 
me tric bipolar reflection nebula with an angular size of more than 1 arcmin (Figur e 
[T5l lKenvon et al. lll993bl : lEiroa et al. Ill 9941 : iTamura et al. Ill 9961 : fwhitnev et al. Ill997h . 
The eastern lobe of the nebula is much brighter than the western lobe and is highly po- 
larized, with pk ~ 40% to 60%. This lobe shows strong evidence for a large-scale 



outflow, with strong Ha, [0 I], and [S II] emission lines on optical spectra (lEiroa et al. 



1994|;|Kenyon et al. "1998") and two amorphous [S II] knots (HH 192A and HH 192B) 



on deep images (Gomez et al. ,1997 ). A single small HH object (HH 192 C) lies several 
arcmin west of the reflection nebula. Deeper images on larger telescopes might detect 
additional optical jet emission from the western lobe of the nebula. 

In addition to the HH objects, the bipolar nebula marks an impressi ve molecular 



outflow which lies perpendicular to an extended envelope of infaU i ng gas (iMvers et al. 



1995 : FuU er et al. 
Hogerheijde et al. 



1996: Zhou et al. 1996: Bontemps et al. 1996: Tamura et al. 
1997a . , 1998. : .Chini et al. ■2001. : Loinard et al. ,2002 : Reipurth 



et al. 
199a 
etall 



20041) . The outflow lies in the plane of the sky and has a large opening angle of ~ 50°. 



A binary cm radio source coincides with the position of the central, bright IRAS source 
(04368-1-2557): this region powers one or two outflows observed at cm and mm wave- 
lengths as well as the optical HH objects. 

As with many of the Class I sources in Taurus-Auriga, the evolutionary status of 
the L1527 IRS protostar in unclear. The massive infalling envelope, ~ 0.5-1 Mq, 
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Figure 15. Spitzer image of L1527 IRS in the [3.6], [4.5], and [5.8] filters from the 
Taurus Legacy program (see Giidel et al. 2007a). Blue light ([3.6]) traces scattered 
light far away from the central protostar; green light ([4.5]) and red light ([5.8]) 
traces scattered light from material closer and closer to the protostar. 



and relatively low luminosity imply a very young central star with only a small frac- 
tion of its 'final' stellar mass (Class source). The geometry of the molecular out- 
flow and the bipolar reflection nebula suggests that the central source lies embedded 
in an extended edge-on disk. Extinction fr om the disk and the infalling envelope pro- 
duce the very red SEP of th e IRAS source dKenyon et al. Ill993al : lwhitney et al. II 19971 : 
lAndrews & Willia ms 112005 ): scattering from the outflow cavities produces the blue im- 
ages and SED at IRAC wavelengths (Whitney et al. 2003, Robitaille et al. 2007; Tobin 
et al. 2008). This geometry complicates direct measurements of the luminosity and the 
evolutionary status of the central young star. 
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